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\11'Ui-:ij'crd' b 11Pin~1fl11~~'11'um1B'UVI~fh~L 'V!CJ~1CJU'U~'U~lm1VJ'U bb umiv\111\IL~CJJ (single 

vacancy graphene) ~L~B~lCJL~'V!~'VI11'U~i'U~bb~fl~1\ltl'U 4 'liU~ 1~m) LL'W~L~b~C!l.J (Pd), LL-w~-ntr11 
(Pt), VJB\Irl1 (Au) LL~~L~'U (Ag) 1~v1-&'VJq~~-w\lni'UAJ11l'V!'U1LLU'U (Density Functional Theory) ~\IL~'V!~ 
bb~~::'liUI'HlnL ~ B~\ltJ'Um1VJ'U'IiUWOv\li1\IL~CJJ L ~m ~1l'th::~VJ5.n 1WUB \1 ~l~~'IYu 1-H'~11111fl~~'l1'u 1~~~ 
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aru'VIfli1~B\I 1~ CJ Lfl1 \1~~1\1~1 ~~'IYuvh~Jwil::fl mh 1 tl~~'11'u~11:S 'UVJ~V1~ L 'V!CJ~1CJ n~11 oroanosulfur 
't 'lJ 'U 'U 'U , ~ 

(thiophene), organonitrogen (pyrrole, pyridine), organooxygen (furan) Lb~:: benzene 'nmmm1 

f'11'U1ru-wui1 Pd, Pt, Au LLm: Ag iim111L'V!111::~11~1'V!-ru1m 'Ufl11L~BtJ'U~'U~lm1Vl'U'Ii'U~"lia\li1\IL~CJl 
'UBn-:il1 nJ'UcJ\Il1tJi1f111Yl'U'IiU~"liv\li1\l b ~CJl~ L ~B~lCJ fl~lJB~ ~BlJ'Ii'U1~ 4 B :;~ BlJ'IiB\11~'V!::VJ11'U;j'IY'U 

' 
(tetrahedral and square planar) G11lJ11fi~~'IYu~11B'UVJ%1::L'V!CJ~1CJ'IiU~ pyridine 1~~~~~tJ'U~'U~l 
~l~~'IYu ~1~tJ't1~\I\11'Ufl11~~-a'u'liB\I pyridine tJ'U~'U~l~'.l~~'IYubU'U~\Id Pt4 (-2.11 eV) > Pd4 (-2.05 

'U 'U 'U 

eV) > Ag4 (-1.53 eV) > Au4 (-1.87 eV) \11'Ui-:ijvifLL~~\Il-H'Li1'Ui1m1YJ'ULbtJtJ-dv\111\lb~cJ'J~~m~B~lE.Ifl~lJ 
a::~al.l'li'U1~ 4 a::~v1l'liB\11~'VI::VJ11'U~i'UG111111tn111 'lhh:: EJ nlill-il L U'U1G1~~~'11'u~~ 'Ufl11rh-:ij'~ 

' ''U 

Abstract 

The aim of this work is to investigate the adsorption of volatile organic compounds (VOCs) on 

transition metal (TM) doped single vacancy graphene (SDG) by using density functional theory 

(OFT) calculation. To facilitate the adsorption of VOCs under ambient conditions, various TM 

species such as Pd, Pt, Ag and Au were decorated on the SDG surface to increase the 

efficiency of adsorbent. Adsorption energies were calculated for organosulfur (thiophene), 

-; organonitrogen (pyrrole, and pyridine), organooxygen (furan) and benzene. Calculation results 

showed that the Pd, Pt, Au and Ag cluster are suitable for decorating SDG surface, which can 

be adsorbed stably on the surface. In case of VOCs adsorption, the adsorption strength of 

VOCs adsorption especially pyridine on the TM cluster (tetrahedral and square planar) doped 

SDG surface are Pt4 (-2.11 eV) > Pd4 (-2.05 eV) > Ag4 (-1.53 eV) >Au~ (-1.87 eV). Our study has 

indicated that TM doped SDG is a suitable adsorbent material for VOCs removal 
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lfl~\l~h:~!ii'TUU'U bbm:lii1'Uci1\l f11~l1\lhlb~f1~ VOCs ~\ltl1nnm~'U1U~'U~l 
' 

f111~'UbbUU"Iiv\111\lb~tn (b 'VIll~ A) 

f11~~~~U~1~ VOCs U'U~'U~lm1~'Ubb UU"!iv\111\lb~tll~b~v!ii''JEJ l~V!~'Vl~TU 
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" ., ' ' 

oW'U ~l f1':i1~'U bb uu"li B\111\1 b~ EJTVh ~Biiil EJB ~~ Bll'VJB\1 fl1 
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~'U~l m 1~'U LL u u-dv\ll1\l L~ EJl~ L ~vlii1 EJB~ I'IBll laVJ~'Vl~ 1 'U~i'U 
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d 0 a, c::::. Q,f 

1.1 'VI111LLn::fl1111611f>lqJ"UB.:I.:I1'1J1"'iltJ 

1 

..j 
'U'VI'VI 1 

0 

'U'VI'W1 

?111B'IJ'VI~£h~L'VItd1C.J (Volatile Organic Compounds: VOCs) LU'U?I11th~nvmhvnn 

1fi1~1fl1'~UB'U~B1~~~ii511'l~lJL~mJuL"Ii'U BBn"IIL~'U 'W&=~vvhl'l imvJvi lu11111'1 'VI~B1'U11'11L~'U 
' " 

1~C.J~~Ln~LUlJ bfl1\1?1~1\l~ii?11C.Jhi (aliphatic) 'VI~BLL UU1\I (aromatic) 1u"'n'tfru~~1\l) 1111 hJfi\1?111 

mhJB'nmul'l LLBnnBuB~ LL&=~~ml'l'U vocs 
1 ?111111m~L'VIC.Jnmmuu 1v 11'141C.Jvivru'VI.n:ih~'v\l 1~viifl11ll~'U 

' ' " 
lv111nn11 0.14 mm/Hg ru 'E!ru'VI.tJih~B\1 vocs :iJmuu~1'VI1n~mv~~LLn~ilou'U1~111Ln~n1111'VIqjun 1~vi1 
B~I'!Bllfl1iUBlJLU'U~1'Ulh~flBUBVlh~ll1ru 2-12 Bti'!Bll VOCs ~V.U 1'Ui'Ul111t11fl11'1:iJmn~~1flfl11 

" n~fl'J';jlJ"lJB\11JlJ'tJ~ L"li'U fl11L~.J11'VI~"l!B\IL,BLV.~\IWB?!"IIn ri1lJi1'U LLndhi!5111l"ll1~ 'VI~Bfl111-ii'L UlJ~1'V11 
' 

ntmtJ1'Ub\l\11lJ'E!I'l?I1'VIfl111l'VI1\ILfliil'i1\l) LL'VI~\IfhLU~ VOCs ~~1Flqj 11'i'LLrl b\I\11'U~I'l?I1'VIfl11ll b\I\11'U 

Li:J1"l!tl:: 'HltllJI>i'LLn~fl11"l!lJG'i\l B~?I1'VIfl1111~ b\l\11lJLTIBUL~B1 h'I1WW1~1flri1'Ui1'U L~Bb'l"j~\IWB?!"IIn 'VI~B 
' 

t'h"ll51111"1!1~ B~?I1'VIfl111lfl11Lfl~Bu~b1r~~l'i1\l., LU'U~'U ?111 vocs ~?lt?l11 HmmL&=~tC.J11lJ1'U ~::ii 
' ' I 

~:J&=~m::'VIU'VI1\10lbm-r.LLntLU'UBlJI'l11C.JI'iB?!"ll.fl1Yj 1~mL U\1?111 VOCs BBnmll"'n'tfru::ouv\lbllL&=~nn LUlJ 2 
' ' 

fl~ll 1 'VIqj I fiB 
2

' 
3 

1. Non-chlorinated VOCs 'VI~B Non-halogenated hydrocarbons 11'i'LLrl n~ll?l11 VOCs ~hlii 
61~flnB~lJ'VI~Bv11m~'U1lJ111Lnnn 11'i'LLrl aliphatic hydrocarbons L"!ilJ fuel oils, gasoline, hexane, ' , 
industrial solvents, alcohols, aldehydes, ketone LL&=~tn~11?111 aromatic hydrocarbons L"lilJ?111~1 

vhn::mv 11'i'LLrl toluene, benzene, ethylbenzene, xylenes, styrene, phenol LUlJ~lJ ?111 VOCs 

n~lli1Ln~~1n~\ILL 1~~v11 fl11LC-J11 'VIlJflv\1-uv:: wmr~~n i'?t~ ?t11~1vh&=~::mv ~'VI1i'fl~ L uu~u 
' ' ' 

2. Chlorinated VOCs 'VI~B Halogenated hydrocarbons 11'i'LLrl fl~ll1u1mm1um.J1tL'VItJ~ii 
61~flnB1'U1lJ111Lnfln L"li'U 1,1,1,2- tetrachloroethane, 1,1,1- trichioroethane, 1,1-

' ' 
dichloromethane, 1,2,2,- trifluoroethane, bromoform, methylene chloride, vinyl chloride and 

vinylidene chloride L UlJ~'U ?111fl~lJchlorinated VOCs :v::iim111L UlJ~'tfLL&'ltL?I~CJ';i~11 'U~\ILL1~~eJ11 
mnni1r111 VOCs n~ll non-chlorinated VOCs LW11tffifl1\1?1~1\lviiiwu5~1t'VI11\Ifl1'~UeJlJLLnt511'lfl~ll ' , , 
e'J1b&'IL:VlJ~'VI'U'VI1'Ull1fl CJ1fll'ieJfl11?1&'11CJ~11 'U511ll"ll1~'VI1\I'ii1.fl1W 'VI1\Ifl1CJ.fl1V. 'VI~eJ b~CJ'Vl1\li5LfllJ~11 U i] 

fl11llfl\1~1?1\ILL&=tt?lt?llJ 11'i'lJ1lJ ?1&'11C.J~1'VI1\I'ii1.fl1W 1~C.J1fl 1Ufl1lJfl11'Y11\11lJ"lleJ\1?111WlJ5fl1111 'VI~eJ ifuiJ\1 
" ' uljn~v1"li1LflffiuL"I!n~ LLntii(]'Vltlum1riv11::L~\I 'VI~Bm:::~'Ufl11Ln~ll::L~\11~ 

~lC.JFjru?I11U~vi1:: L 'VItl~1tl"l!B\I VOCs :iJn'VI11 ~ VOCs iin~uviL~'U-il~ LLntLn~L U'UlJn.fl11t'Vl1\lfl~lJ 11'1 

~\lvh1~BI'l?I1'VIm1ll~L~tlloOB\ItlU VOCs irn~::()n~eJ\IL1C.J'U~1n"lllJ"IllJBciL?IllB 'UBfl~1ni1'LL~l VOCs V\llJ 
, 'U , 'U 

C-Jnmt'VIUeJci1\1111fll'ieJ~"ll.fl1W"lleJ\111'4'tf~ Lbn::~~l~1\l) ~\lrleJ 1 ~LO~eJ1fl11L ~Ulht! b~t!LQW1t b1fl'Vl1\IL~lJ 
'VI1t.J1:v 1~'VImtJU1tL.fl'Vl lJeJfl~1mX'ULL~l?l11 VOCs U1\1~1V\IL UlJ?111rleJ hfl11:::L ~\1~1C.JLL 1\I"I!U~'VItl\1 'Y11mC.J 

';itUUiJ :D~lltl'U"lleJ\1~1\1 m v LL&=~:::m fl11'V11\I n11 ~ nu 1::: ?11'VI'VIm tleJ V1\l L 'liu m1 ~1\llJ eJlJ m1i\l L 1 vuPi1'tJ:: 

"'illLI'l~l 'VI~B'I--'111~?1~1~ LUlJ~'U 11111U~\IC-Jnmt'VlU~B~\ILLJ~~eJll b~tl VOCs 'VI&'llCJU1tL.fl'VIJlJ lJ~:Jnf11t'VIU 
~v.ffu1v1"11u 1111~\ILUlJil1"11~'V111~Ln~tl11fl!Jfl11ruL~BlJm::~n (Greenhouse effect) Bfl~ltl 4' 

5 



2 

'o\J~L ii'U 1~i1 VOCs :i:it:.~m~EJt'iv?l"!Jf11yjLL~~~'IbLJ~~m.J bb~~t11fl~'o\J~FITUFll.Jn~ 1n 1 'Ufl1'HO~?l1';i VOCs 
' ' 

'o\J1nm~u1'Un1';ibb~~n'o\Jm';i:ul'i1'~1 1~mu'V'j1~'.\J1n h'I'I1'U hlvh LL~~ h'I'I1'U~VJ?~1VIm~:u ~'~,!'U ~'l:i:im1:u 
~1b U'UvV1'1~'1~'.\J~tilv'!:i:im~th~·~VI~v~~-ifu vocs vvn'o\J1n 1m~EJ"Ilv'11 ~'1'11'Unv'U~'o\J~t1mJ~~tlcivEJvvn 

v v 

1 tJG1.ff'U'U~~EJ1mf11 'UU'o\J'o\JU'U~1~~-i!'U~iiv:u 1in'U:U1nfimht.li1:ul!'Uii
6

' 
7 

(activated carbon) ~'l:i:i~n'l'Jru~ 
v ' v 

1m'l?l~1'1'Vl1'1bfl:i1LU'Um11l'lii~bt>ivm1Ln~tll)ii~m ~'ILLI'i~~.ff'U"Ilv'lm11l'lii (graphite) 'o\J~tl~~nv'U 1 tJ~1t1 
m1Yl'U (graphene)

8
-
10 ~'~ b U'UlG'I~~tl';i~nau~1EJ.ff'Ub~EJ1"1Jv'lv~Vlv:Um1'Uv'U~~~ b~ EJ-1~1 1 'U~~'U1'UG'Iv'liJ~ 

(20) ~:i:i~n'l'Jru~bU'U1m'l'!hmb'U'U-r'l~'l (Honeycomb) :i:im1:Ubb~'lbb~'I:U1mL~>i:i:iJ1VI1!m'U1 ij~'V'j1'Ubb~::~'U~ 
~1~-:~ :i:im1:UG'11:U1~t11'Um1~~-i!'ULdu1~VI~vG'111'll1::nv'UI'i1'11 1~~ Lb~:: 1 'UU'o\J~U'U 1~:i:im1tl1::~nV11 off 

ri1'Un:ul!'Uii~:i:im~ L ~v'VI:U L~VI::'Vl11'U~oU'UVI~vVJ n LLI>i'I~1EJ51VJVI3JI'i1-:~., b ~:Ub~:u 1 ~nmv L U'Uvl1~~i'U bb 1u1Vl 
'V , , I \1 , 

Vl~v?l1~tl~~ nvu~iitJ~::aVJ5m'V'jG"~'I1~l.J1n:u1EJ mh'l1 ~nVJ1l.J L tiv'l'o\J1nFI11:UVIm n'VIm EJ'Vl1'1Lfl:W"Uv'IG"~11 
v 

VOCs bbl'i~~'!lii~ vh1~m1b~vn~1~~"1i''U~:i:im1l.J,j'1b'V'j1~ (selectivity) l'iv VOCs tl~~b.n'Vll'i1'11 :i1 

m1:u1.'11R'tyl'iam~L ~:utJ~~aVJ5mw1 'Um1n1~~ vocs LU'Umh-:~l.J1n 
1'Um~Pin'l'J11~t~Fl.f-:~-d 'o\J~vhm1Pin'l'l1~1~~"1i''Utl1~b.n'Vlm1YJ'U~i1m1b~v (doping) 1~VI~'Vl~1'U~oU'U 

'llii~v\1'~1 L~vfin'l'J1t:.~~"llv-:~m~b~vVIl;JL~VI~~I'i1'1n'UI'ivtl1~aVJ5m'V'j1'Um1~~i'U?~11 vocs 'llii~l'i1'~1 5 

'l!'U~ 1~Lbn benzene pyridine pyrrole thiophene bb~~ furan ~1EJ1TI'Vl1'1bfl:i1~1'U1ru~:Wm1:Ubbll'Urh~'l 
1~bbn 115 Density Functional Theory ~'lt:.~~m1Pimn"UB'I'I1'U1~EJ~'U-d v~G'11:U1~mhm1iLYivf1~mv-:~ 
(screening) '!lU~"Ilv'lvl1~~"1i''U~'o\J~lim~~m'U1~'U'I1'U 1 'U~~~'U~mtll)u~m~'o\J~ -1 b Yiv'!hti 1 'Um~vvmb 'U'U 

~m'U1lG'I~~~i'Ubyjvrl1~~G'11~ VOCs ~ijtJ~~a'Vl5fl1yjG'I-:J'I'Ivf.'11VI-r'UnWu11 tJ1 m 'Ufi1Fl?l'U1:UI'iv 1 tJ 
•v v 

1.2.1 b Yivfifl'l'J1Fl11:U b Vll.Jl~G'I:U"Ilv-1 1fl1'1?1~1'11 'Ufl1~b ~vVI~L~VI~Vl~1'UGiloU'Utl~~ Ul'Vll'i1'1!~'1'U'U 
~'U~1 m1YJ'U ~1:u 1 tJti-:~ m~VI1"1l'U1~ LL~ ~~n'l'Jru~'Vl1'1Lm'1?~~1'1~ L VI:U1~ ?~:u"Um Fl~?l Llil vTI~VI~'!lil~ l'i1'11~:i1 
Fl11:UL?l~EJ~ 1 'Um~L~v'U'U~'U~1m1YJ'U 

1.2.1 LYivPlfl'l'J1LL~~Ltl~EJ'UbVJEJ'Un11~~"1f'UG11~B'U'Vl~£h~bVIEJ41EJ (VOCs) 'U'U~'U~1m1YJ'U~:i:im~ v 

L~v~1EJVI~ 1~VI~'Vl~1'U6ili'ULL 'U'Ut>i1-11 'V'j~v:u~-:~~1'U1ruA1'1'1~-:J'I1'Um~~~i'U"UV'ILLI>i~~~~'JJ'U 1~v 1 i1~b UEJ'U 

15OFT 

1.3. "llBUL 'ti\JI'tlv'lm-a1:5'a 

l'i1m~Pin'l'J1m~~~oif'UG'111B'U'Vl~th~L VIEJ41EJ (VOCs) 'U'U~'U~1m1YJ'U~ L ~v~1 v 1~VI~'Vl11'U "'l'!l'U'!lU~ 
l'i1'1!L~tlfl1~L~v1~VI~ 4 '!lU~ 1~bbn bb'I'I~'VlYi1J:u Lm~baL~ti:U b~'U LL~~'Vlv-:1 LL~1t.h1tJ~~"If'U?l1~ VOCs 5 
~ dt 1.1 '\.1 

'll'U~ FIB benzene pyridine pyrrole thiophene LL~~ furan 'o\J1n1!'ULtl~EJ'UA1'1'1~-1-11'Un1~~~i'Uffi~v1n 
' v 

t:.~~m~~1'U1run'UA1'1'1~-:J'I1'UnT~~~i'UV11~v1nm~'Vl~~v-:~VI~v'I1'U1:5'vria'UV!'U1 Lviv~v~Wv11f.1J1V11vl1~~ 
i'U~LVI:U1~?~:u~~~ 1 'Um~r\'1~~ VOCs ~~v1fl'I1'U1~EJ?l1:U1~f.l1 iL U'Ubb 'U1'Vl1-:Ji.'11f1ru 1 'Ufl11vvmb 'U'Ubb;~ 
~mtn 1:uL~~~"Ilv-:~vi'1~~i'U?~1~ vocs L Yiv 1 ~VIU1EJ-:J1'U~G'I'U hG"~1lJ11mh~~-:~1'U1~v 1 tJ~m'U1LL~~tJ~~vnm off 

1 'U'Vl1'1vlil?l1VIm~:u 1~ ' , 
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1.4. th:: bV"IJU~A1~1T'\I:: 1~~'U 
1.4.1 ?11l.l1'J(l~\1l.J'U1~i'-Jifllflsil'Um1Yl'U~L~v~-mm=i:wv~(;lm.J"!lv'll~V!~'Vl'J1'U6il<U''U'lh~ L.n'V111i1'161 1~ 

~ , I 

1.4.2 ~\1l.J'U1'Vl'l~~LL~~fi11:WLoU11:uii'lFl'J1:W"il1LV'I1~ (selectivity) "!Jv'l!?i''J~Iflsil'Um1YJ'U~L~v~btJ1~'VI~ 
'lh~ L.fl'V111i1'111 'Un1'J~Iflsif'U?I1'JB'U'Vl~Eh~ L V!tl~1uth~ L.fl'V111i1'11 hi 

" ..::1 II o V o::f ..::1 odJ o Q v 

1. 4. 3 :wm1:w~ m 1:W'll1'U1 ty'V11'llfl1'Ufl1'J f'1 n~1'V11'l'Vl'l~!J'U'UV'I'U~1'U"!JB 'l m 1 Fl1'U'Jru L fl:W fl'JB'U (;llJ Lb~~ 

b off11 :u m'JPin~1'V11'l'Vl'l~~:w1 n~'l~'U 
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d 
'U'VI'VI 2 

.. 
... ... ~ ... ... 21 

'VIt]~~bbt;t~.:J1'U1"EJ'VIbni:J1"l..B.:! 

2.1 m::U'l'Un1".i~~iu (Adsorption Process) 
'U 

IV ~ -=' o=J II V V <dt f.l V c:J q ~ ..:::::t, 

fl1''.i~~"II'UlU'Un':i~'U1'Ufl1''.i'Vllfltl1"l..B.:Jfl'Ufl1''.iG'I~G'IlJ(;l1"l.JB\IG'I1".i Vl".iBfl1llJl"l..lJ"l..'U"l..B\16'11".i'Vl'U".il1tu~'Ut:J1 
" 

VI~B".i~VIi1'1~1VIU1 (Interface) m~'U1'Um".id6'11l.l1".imn~~'U~nru~b~l.I~G'I".i~W:i1.:J 2 G'l.fl11~ 1~ 1 l"li'U 

"l..€l'll Vlmfl'U'VB\Il VIm fl1"ilfl'U'VB.:JLVI"1 fl1&llfl'U"l..B\Ill ~.:J VI~B"l..B.:J LV!mfl'U"l..B.:J ll ~.:J 1~t1 1lJl"~"VI~BflB""Btl~ 

~tlfl~~~'Ul~tlni16'11".itlfl~~oil''U (Adsorbate) ~1'UG'I1".i~'Vi'1VIU1~~~-if'Ul~tlni1 G'l1".i~~oil''U (Adsorbent) 
11 

~ ~ ~ u ~ ~ 

2.1.1 n" 1m.m.:Jm::U'l'Un1".i~~iu 
'U 

fll".i~~oil''U (Adsorption) lU'Um:::'U1'Ufl1".inmnnG'Il".i":::"1tiVI~BG'I1".ill"l..1'U"Btl"l..'U1~l~fl~\l"~mtl 
" 

mJ1 'UJ11 ~mju'U~'l"l..B.:JG'I11Bfl"l!U~VI;j\l 1~ti~G'I1".i"~mt1VI~B6'11".i ll "l..1'U"Btl"l..'Ul~ L~ ndL~ tlflil Adsorbate 
" " 

~1'U'VB\Ill~\l~ii~1lU'U~lfl1~~U"l..B\IG'I1".i~tln~~-iful~CJnil Adsorbent nl".i~~i'U~'U~1d~~ltl'Ufll".i~~oil'u 
~ ~ ~ ~ 

".i~Vdl\IG'Itll'U~ (Phase) 1'11.:1 1 ~\IG'I1l.IG'Itll'U::: Fia "l..B\IlVI"1 (Liquid) fll"ll (Gas) m'l~ "l..~NLL~\1 (Solid) ~\Iii 

1~~\ILLU'U "lJB\IlV!m-"l..B\ILVI"1 fl1&1!-"l..B\ILVI"1 n1"11-"l..B\ILL~\I lL"~"l..B\IlVIm-"l..B\ILL~\11~CJ1'tJ~d~~~~l".itu1fi\l 
L\J'V'Il::lL'UU 'VB\IlV!m-"l..B\ILL~\1 (Liquid -Solid Interface) 

1 'Unl".i~~oil'u~b h.JL"n"'VB.:JG'11".i"~"1tiVI~BG'Il".iLl "l..1'U"atln~:mnrh~~a amnnJ1 ll":: 1 tllm::~~a~ 
'll , 'U 'll 

U'Uti111'll'liU 1lJ l"fl"'VB\IG'I1".i~1'U 1 VltU~~ lnl~~'UB~nU~1.fllCJ 1 'U 1 ~".i\l"l..B\Iti11~1'liU lL"~:ij l ~ CJ\I~'J'UUB t1 L vh,!'U 
'U , V' 'U " 

~lm~Bci~~1.n1ti'UBn m1~1m 'Vl1lJL"n"~1nJ11 tlVI1ti1'11'1~oil'ulnl'l~'U 1~~'Ufi'IG'Il.ll'l"~'~VIC.J~ ru ~~?tl.ll'l" 
" Ill 'll , , , 'I 

mll.l L ilJ.ff'U"l..B'I1lJ L"~" 1 'UJ1~~ l VI~ B'l!am 'V'I".i1~ 1l.l l"~"~l'U 1 VltYlfl~B'Uffi tllm~~uB~nutil'J~I'liu 11'1CJ 1 'U 

fll".iLfll~~~~:::W Driving Force BV 2 ll'UU Fia fll".i~l'liU'Vll'lnltl.fll'V'I ll"~fll".i~~oil'U'Vl1'1Lflii 
" " " 

u~~m11flru 1 'Un1".iUBfl"l!U~"l..B.:Jm~u'"J'Unl".i~~oil'u~~~~1".itu1~1n ll ".i\IV~ l Vl;jt11".i::VIi1.:~ 1l.ll"n"~t!n 
111.1 'll 'I 'll 

l'll'liunu~'"J"l..B\I?ll".i~~oil'uf51Ll".i\IVI'lLVI;jti'"JLU'UtL".i.:JU.'l'UL~Bi11"~ (Van der Waals Forces) ~:::lU'Unl".i\?11'1 
'U 'U 'U 

iu'Vll'l mt~m'V'I (Physical adsorption) lll'lf51ll ".i.:JV~ miim'Vi'11 ~ln~w'Un::lflih::vd1.:J ll.IL"n"vlt~n~~'ii'u 
' " 'U 

flU~1"l..B.:JG'I1".i~~tiju~~L~tlni1 fll".i~~-ifU'Vl1\ILflii (Chemical adsorption) 

2.1.2.1) n1".i~~'ii'UVI1.:Jfl1Vfi1'W (Physical adsorption) lU'Ufll".i~~oifu~'"JCJbL".i\IV~LVI;jCJ'"J 
'U 'U 

".i~VIil'l1lJl"~"BVl\IBB'Uill"~lU'Ull".i.:Jffi1in1VI'U~VJf'l'Vl1\l l"li'U LL".i.:Jlld'Ull'lvi11~1 (Van der Waal force) 

Vl~m1'U'5~ 1v 1~".il~'U (Hydrogen bond) nl".i~~oil'utl".i~l.n'Vlif:W~ir\I\11'UflJ1lJ~B'U"l..B.:Jfll".i~~-a-uf'ia'Uoff1\IUBtl 
'U 'U 

a~L'U"lil\1 20-40 fil"~"l'la 1l.l" (0.2-0.4 eV) ll"::?tll.ll".imn~m".i~'Uniru"l..v\lm~u'"J'Ufll".i M~1t1~\ll u'Uoffa~ 

l 'V'I".il::?tll.ll".it!n1~1'1ti11~ n~~oil'uaB n~1 n~'"J"l..a.:~1G'I~~~oil'u 1~~1tl ll"~m~ ln~ m1 ~~i'U Ll uu l :S'I.ffv'UVI"ltl 1 
.ff'U 1~ (multilayer) 1 ~tlm".i~~iu"l!u~d"1l.l1".imn~ 1~~~tuVI.!Jiltln~ll"::~~ Lnl'l~'UB~l\l".i'"JI'll ~'"JVi''UVi~ 
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1:w L"' n"' LR~ m..~vi:w1?i':w~ r:I'U~ L 1 ruc:i1vni'1~1 VJVJ~'U L Uv\I:IJl :v1 n vi'1 r1 flVJVJ~'U:v ~ LR~ v'U viml n :v1 nvi'1 flflVJVJ~'U 
'l 'U \.1 'U 'U 'U 

(desorption) ~\I L U'Ufl1TU1vl1~Vl~'Um iLLiK1 fl~'U:W11 m 'VIllBflrl~\1 
2.1.2.2) fl1'al'll'li'U'VI1~Lflii (Chemical adsorption) L U'Ufl1~VJVJ-a''UviLi1VJ~'ULrivvi'1flf1VJVJ 

\1 'U 'U 'U 

-a''ULnVl~'U5~LRiJn'Uvi'1l'IVJ-B''U L'li'U m~ H11La'U~~h~n(;l~v'U~1:wn'U LU'U~'U ~":v~ci"~m 1 v1vi'1r~nVJVJi'UL~:wLnVJ 
~ ~ ~ . . "' 

f11';i L tl~CJ'ULL tla\1 Fiv iJm~·vhmvu ';iVl'IL V!'i1CJ1~~'VIl1\IB~(;lv:W'VI~vnci:wv~(;lv:WL~:w :v1ntfu:v~iJm ';i~VJL~CJ\1 
' 

v~(;Jv:IJL U'Ur:ll~tl~~ nv'U 1 'VI:W'1VJviJ~'U5~LRlJ~\IL U'UW'U5~viLL ~\ILL ~\I ii'V'I~\1\11'\.Jm:.:~'UL ·ihm L~CJ'JoUB\1 m1:w 
' 

~v'U'lJB\If11~VJVJ-a''UiJfi1r:l\ltl~~:w1ru 50-400 iila:vavivhm (0.5-4 eV) W'U5~'V11\ILRiiviLnVJ~'ULU'ULL';i\IVVJ 
~ ~ ~ 

L 'VI~CJ1.yjiJR11:W LL ~\ILL ~\I ~\I'Vi11 v1nTHh-.5'Vlvl1flflVJVli'Uv Bfl:V1fl1r:IVJVJVli'UVll 1~ CJ1fl L 'W';i1~ B\lf0ltl~~f1B'U.yjflfl 
\1 '\J , 'U \1 

VlVli'UlJf11~Ltl~CJ'ULLtl6'1\lr:I:WtM'V11\ILRlJLL6'1:.:f11~VlVJ'li''ULU'ULL'U'U-ff'UL~tl'1 (monolayer) 
~ ~ 

2.1.2.3) fl1"al'll'li'ULL 'U'ULLt;lm 'IJ~v'LI (Exchanae) LiJum~VJI'I'li''Uvi LnVJ~'U Lrivvi'1fl f1VJI'I'li''Un'U 
'U ::> 'U 'U '\1 

'lJB\Ivl'Jfl f1VJVJ-a''U 
~ ~ 

2.1.2.4) fl1"al'll'li'ULL'U'UL~1:~~ (Specific adsorption) L'U'Ufll~VJVJi'UvlLnVJ~'ULriviiLL~\1 
~ ~ 

vVJ L 'VI~CJ'J~:.:'VI11\11:wLa navi'11'1Vl~'Un'Uvi'1r~nVJVJ'li''U.yjiJ'VIlii"l\ln~'Uvciuu~'U~h LLvivi'1VJVJ'li''U 1liiJ fl1';j L tJ~ CJ'ULL tla\1 
, \J 'U 'U 'U 'U 'U 

LA~ \lr:l~1\l m~ VJVJi'U'1JiiVJd:v~iJfi1'V'I~\I\11'U 1 'U fl1';j VVJ L 'VI~CJ1 mh~'VIl1\I'V'I~\I\11'U m ~ VJ VJ-a''U'V11\I m v .n Tvma:.: m ~ 
v ~ ~ 

VJVJiuvm LAii 1VJ v nl~VJVJ'li''Uvi LnVJ~'U,r'U:v ~~'Uv v n'U'lJiil'l'lJ v\1 vi''JVJVJ'li''U n'U v11 r~ nVJVJ~'U'lJu Vl,r'U., 
'll cu cu \1 \1 \1 I 

.. ... d 

2.2 LfUJflv1l~'JL(;leJ'a 

LrllJRB:WYh L(;lv1 L U'Uf11r:l(;lfl 'VIllvi~\I:V~flfl'l11:w11 m 'Ufl1';il-.5' CJBV1\I:V~\I~\I Lrivtl';i ~:IJl ru 20 uvi~1'U:W1 
v 

~\1m 'UA11:W L U'U:V~\1 LL~'J f11r:l (;11vi L U'U~'Liji1'U'lJv\li'lJ1'Vl1\l ~1'U LAlJRv:WYh L(;le:J1 Av'Vltp~~ fl 6'1fllr:l(;l1R1 v'Uvl:W 

(quantum mechanics) LLa:.:nal'11r:ll'l'h:0\l"'~~ (statistical mechanics) ~\ILU'U'Vl'J'rf~LnlvliiA11:Wr:I:W1,l';itU 

1 'Uvi'1 L B\lmvm1CJ'V11'11~~'rf vi L U'U L 'li'Ud L 'V'1~1:.:'Vlq~~'Vl1\l ~1'URru(;lf11"' (;11 vi' \In ci11iim 1:w ~" v 1 mLa~i'U.ffv'U 
:w1 n LLllm~vf\IAv:wvb L(;lv1viiJtJ';j~~'V15.n1'Wr:l\11 'Uu:v:vu'UnV'I1lir:~1m~r~tl~~:w1a ~a 1 v1A~'Ui51'Um:WVI~fl 

v ' 

'Vl'J'rf~1~ ~\l,f'U A11:W tl11'VIU1 LL6'1~f)ru.fl1'W'lJv\I\11'U~1'ULAlJAv:W~1 L(;l vi~\1~ f1 rl1'VI'U Vl LL6'1:; tll'J 1 tl'W~v:W jn'U 

nT;jW\9lJ'U1 L 'V1 A 1 'U 1a V'V11\I ~1'Ur1a:w~1 L(;lvi ~"vi LnVJ~'U 1 'U~~ v~'VIa1 CJI'l(;l'J~';j'rfvi ~1'U:W1 LLa~ m VJ1Tu1:v ~ LnVJ 

l'lv 1 tlan'V!m CJ'Vll'ld~~'rffivti'n'Vlq'rfn~v\ltl-r'Uai'I'VI~m ~:wr:~:w:w~~1'UviiJv ci1 v1 L 'VIm~r:~:wn'Ui'l n vm'W'lJB\1 LA~v\1 
dJ , """ \1 

Rv:W'W'JL(;lvTI 'ULLvia~CJR 
' 

LRlJRv:W'W'J L(;l vi :V:; fl1'U1 rur:I:WtM'lJB\1"'1~G1'1VI-r'U LLvia:;e:J~(;le:J:IJVI~v L:W Lt;lfl6'1 :Vl fl,r'U ~\l'l11:W1V11 fll LQ~ CJ 
' 

'llv.:.JLLI'ia~v~(;JB:W'VI~v 1:wLa~a ~.:.J(;J';i\loU1:Wn'Um';i'VlVJav\11 'U'V1v\ltl!ju~m~vi1VJI"i1La~v LLfK1't111 tlLL tla\l~a 1 v1 

L U'U"':wu~'lJB\ILLI'ia~a~(;le:J1JVI~v 1:wLa~a \ll'Ui~v 1 'Uv1a\ltl!ju~m~r:~1:w1';iflal'l'lJ'U1VJa\11 tl~VJm';in'Uv:.:(;la:w 
'VI~v L:WL6'1fJ6'1 1VJCJfl1~'l11:1Jltl';j~f1B'U'VI~B11\11 'UI'i1LL VI'U\I.yj~B\Ifll~L ~B 1 m~LR~v\lliv';i~~'U L:Wb"'fl"' .yjiJ~tl~1\l 

' ~ 

LLa:.:lm\l"'~l.:.J(;J1:WA11:W~B.:.Jfl1~vi:v~'l111tl1 -tl\11'U 1~~\IL U'UiiCJ1:W'lJB\I 'U11'UL'VIfl1u 16'1V (nanotechnology) 

LLvi\11'Ui~ CJ 1 'U'V1v.:.~'IJ!ju~ fl1~V\I ~v\11 off LR~v\liivvliJm1:W'li''U.ffv'ULL6'1~iJ ~1 Alr:l\1 ~\l,f'U bAlJRv:W~'J L(;lv{~\1 L tJ 'U 
~ 
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LL~~a:tJu~\boYl1~~1 

';i~b tJEJUl~~Hfl 'U.:J1'UV11-lbl'llJI'lv:W~1bl1lv1Ylv:U~bb u.:~1~dJ'U 3 ml:wfiv 15f11)VI1.:! bl'llJI'l1v'U~:W 
' 

(quantum chemistry) 1~m1Pl1G111lfb..Jb~fl~ (molecular mechanics) bb~~15m';iVI1-ll'lB:W~1bl1lv1"Bl.lL~i'U 

(computer si mutation) ~.:~15fl1) bb ';i fl,f'U:U~ 1l-1'e.~~ fl1)Fl1'U1UI~lJI'l11:W Lbli'U~h~.:~ bb~lJ l'l11:W.a'usifv'U:W 1 fl 

G11l..l1';itltll)u~1~:u~.:~ (L Yl';i1~:U\11:51n\1l"llv.:JI'lv:WYbLI1lv11 'U'U:U')U'U) nULtl'Vl1~';i~UU~'lh ~ flvU~1 ~ 1 :w b~ fl~ 

"ll'U1\11L~n:51'U1'UU';i~:W1ru 11l~~u 1:wL~nm vl1,f'U ~1V!-ru15rn';i computer simulation ,j'Ul5fl1)~~~fl , " 
L\Yl~vh 1 'lh -d'U molecular dynamics G11:W1';itl1 off~n~1';i~'l.JU'!J'U1\111 V!qj~tJ)~flBU~1~V!m~VIri'UVI~BV!m~ 

LLG'I'UB~\1\B:W G11:W1)fl't.l-rul'l11:WL .U:w"!i''U m1:w~'ULL~~vruV1.nij Vl1va:wtm1\11., 1l-1'av\1ll'llKv.:~num)VI\11~ v.:~ 1~ 
' " I 

0 .. .., 

2.2.1 fl1'afi1'LI1NVI1.:!LI'l11fi1B'LI~11 

2.2.1.1 a:wn1'afi~'LI (Wave function) 

'\{'U~1'U'!Jv.:Jn~l'l1G111l11'l1B'U~:w~~'U1:W1:U1flfl11:Wv-l1~nLL uul'l~'U 1 off!'l~'Uv5m~ ~.:1~1.:1 1 

Schrodinger 1!n1VI~11'11G'II1li"ll11BBG'ILI1l~mtl'U~11-:JV!~fl~11 'll1iv~1-:JU1G'I'U h Lriv?~'U 1:u 1 'U 

)~UU1\11 I n\1l1:WV!1flG'I1:W11tlG1~1-3G'I:Wfl11~:U~'l.J))m~1~'l.J'l.J,r'U 11~LLiKl (b~~fll1 G1:Wfl1';il'l~'Ub'Vl)1~bl~1 
~ vm1~Ylu11?~:w m';idiJ?~:wu~ L V!iJv'U?~:w m1m offv5u1~1'l~'U) ?~1:w1 ';jfl~lll~V!1?~:w~"llv.:~)~uu,!'U hTI\11 ~m1 
'l11LV11vb'UVL ';ibl1lvi'!Jv.:JG'I:WU~,r'U I hJm~vh nUG'Il.Jfl1)1'l~'Ufl1G'I'Uh?~:wu~~'U I Bfln~v.:!Yl~1~1:WV!1 
1m um )LI1lv1~L~~l"li'v-:Jnu?~:wtm,!'U 1 tlm~vhn:u~ 1~a:wtm ~that~ 1:u :u~L~'Ul1V!~nm';idLL'U1f'1\11 
l'liK1~ 'l nUfl11VI\1l~v.:J L"li'U 1off-r.:~~HJ'UW11L1\111'Ufl11Pin~1G'I:WD~fl11i'U 1off-r.:~~hvn"li1'Urn1Pfn~11~~~ 

';i~V!-h:m~\1\vl.Jb tl'U~'U 1 'Utll)u~n11dL 11:U~ 1l-1'm1:WG'I'U hnuVI'l~DI'llv'U~:W LtlYll~ nua:Wfl111'l~'U'!Jv.:J 
Schrodinger ~hJ~'Ununm 

H\f'=E\f' (1) 

1\11~~ H Av Hamiltonian operator ~'lh~flv'l.Jl.J1:U1fl Kinetic operator (f) LL~~ Potentia.l energy 
~ 

operator ( V ) 

(2) 

(3) 

~l'U Potential energy operator LLG'I\11.:1~'1 Coulomb interactions 1'U1~uu 
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(4) 
, j>i rij i j r ij i j>i r u 

c:o.~ .:J CV I .:::..co; 

m&ln~~el'U L'VltllJ'Vlii11lJLLii111l'ILL~'II:.J&lm~vrnrm&lnl'ml'u 

ii1lJn1~fi~'UoU1'1U'Ud hifil1l~:.J&l'!ltl'l Relativistic effect 1 'Umru~~tl'ln1~fi11&Jf:ln~mmn 
'U 

~'I~'Uii1llJ1~f:lfl\?1~1lJL oU11 tfl. 'U.fllf.JVI"'\1 1~LL&1~611lJ1~f:lvil1 ~61lJn1~-n~1f.J~'U 111ltJ 1 otlLL 'U1~'Uilli1 Lfl~f.JG1VI1Jn ni1 

ad~ nmeJ'UlJ1n m~ bfl~ tl'U~'!Jtl\IBL~ nl'l~B'U b U'U 1 tJmh\1~1111L ~J bfl'U nl1n1~1'u~'!Jtl\IU1 bfl~ f.J61 b~ vnm~ 
'U 

tJ~~mru-d'11 Born oppenheimer approximation ii1lJn1~fi~'U~'I&ll?l~tJ&1\I 1 tJ1111E.Jnl~UlbtJ'V'll~Yl\ln-8\m~'U 

(Wave function) '!ltl\IBb~nl'l~B'UlJ1fll11 

" e/ec elec elec elec 

H lf/ =E lf/ 

"e/ec _ 1 "( 8
2 

8
2 

8
2 J "" Z, "" 1 H ---L.. -+-+- -L....L..-+L..L..-

2 i Bx~ ay: Bz~ i 1 ru i 1 ru 

2.2.1.2 Variation Theorem 

(5) 

i5m~-d'61&Jn1~'!ltl'l Schrodinger iitJ~~ 1v'!JoU&J1n L'V'l~1~vi11 ~b ~1611lJ1~f:lfim~1~~uu 1111 11~ 
vnn'Vl~1U Wave function '!JB\I~~uu,!'UbL&1~1i Operator ~b'VIlJ1~61lJUqj'VI1tl~~11iiL'V~tJ\I~~UUBb~n~~tl'U 
b~tJJ b vhJ'U~611lJl~ f:l bLmm\11 vi5 b :'8\ll bl"'11~l1 'Uti n:v1ndf111'1tJU'!Jtl'l61lJ n1~fi~'U niit~m nmv 111ltJ611lJ1~f:li:i 
Wave function 1~'bJ"il1nl1l"il1'UTU ~LU'U1 Ul'l1lJ61lJn1~fi~'U'!ltl\l~~uuVt~\l 1 mh'l hn 1'11&J:v~iir111'lt!Ub~V1 

" . 
b vh1!'U Viii'V'l~\1'11'U~hViii1111 

' 

HI¢)= Ell¢1), 

Iil¢2) = E2l¢2), 
Iil¢3) = E31¢3), 
......................... , 

······?:. E3?:. E2?:. E1?:. Eo (6) 

1'Um~V!1 Wave function ffi~'V'l"''I\11'U~1~61111V!~tl Ground-state wave function ~v\11-&' 
' 

Variation method 111lm~&Jbb~n:v~vi1n1~L1111 Wave function L~lJ~'U~'UlJ1tltl'IJL~vni1 Trial wave 

function 'VI~tl Guessed wave function 1111v Wave function 611lJ1~f:ltltJL'U~tJm~mn'!JeJ'I Function 
• 'U 'U 

I'll'! 1 Viii Parameters 1'11\ltl'U 
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(7) 

rl1'V'I~.:}-:}1'U~.:ILU'U Expectation value n~~vn1~~1n 

(¢1HI¢) _ ~cicj(fi!Hif) 
(¢1¢) L.cicJ(filf) 

1) (8) 

Ltiltlnl'~tl-ru Parameters ~'Um~~.:j First derivative "lJ'V.:) Expectation value nu 

Parameters iif'i1LU'Uf'1'UV 611:U1'mvn Ground-state wave function 1~ 
" 

a (¢1HI¢) 
(¢1¢) = 8E =O 
8c; 8c; 

Lria i = 1,2,3, ... ,n 
(9) 

2.3.1.3 Density functional theory (OFT) 

L U'U'VIt)'ti~'V11-:}nnf'11611w~ma'U~:uvtl ob1. 'Un11f'in'ti1'V11-:)YJ;!;ni.1 LLn~ Ll'lii Ltiltl 1 off"Ttll-rur11'U1ru 

Ll'l':i-:}61~1-:}'V11-:)~JL~n'V11viini.1~61m1~~'U"llv-:}1~uu\Vi1.:} i ~.:}~LU'Uv~~JJB:ULLn~ L:ULn~n"l'VI-ru 1 'U'VltJ'tl5d61:1J'U~ 
"lJB.:}B L~n~JJ1B'U~~flnB5'U1tJ LL 'Vl'U~btJ~.:jn-if'Um1:U'VI'U1LL 'Ll'U"llB.:}BL~n~JJ1B'U Ltiltlfl m61'UBI'l~.:} LL 1 n~.:J LLI'itl 197 o 

" " 

ri1'U1ru~1~~1ni6 OFT ,!'Uiii'111:U61vtill'liKmnum1'VltilnB.:} 1t~"llru~~n,nvhob1.t~m1r11'U1ruf'iB'Ui1.:JUvtJ 

L~mV1vunui5vhiLL'U'UL~:u L'll'U Hartree-Fork theory vtloff Wave function 'VImtJ j ~.:Jnoil''U1'Um1v5'U1tJ 
q d I V 

mnn~JJ1v'ULL\Jln~m 

.Uv"ii'1ntil"llv-:}1~L'livu15 OFT Fiv 1li611:U11flrl1'U1UJLL 1-:}B'U~JJ1n~tJ11~'VI-;h.:} 1:uLnnn 1~ L'll'U 
' 

Vander waals force, charge transfer excitation bbn~ Global potential energy surface 

m:u'V!~ nm1•l.JV.:) Born-Oppenheimer approximation 1 'Un11 rl1'U1UJ 1m-:}61~1-:}'V11.:} 

~iL~n'V11viinr.1 U1LI'l~ tJ61~~flnW~11ru11 ~mJnu~ vh 1 ~f'i1'V'I~.:}-:}1'U~nv1 'U"llUJ~~:u11 bl'l~ v'U~"lJB.:}~iL~ n~JJ1v'U 
" " 

hbvu i LLn~rl1'V'I~.:}-:}1'U~nU?l1:U11m:Uv'U?l:Um1 Schrodinger 1~\U'U 



• 

9 

(10) 

~ 

H AB Hamiltonian 

E AB Total energy 
~ 

T AB Kinetic energy 
~ 

V AB Potential energy 
~ 

U AB Electron-electron interaction energy 

i~hu~G'll.ln1'i Schrodinger ':il~B1~CJVI~nm'ivi'ti~.:~n-tiufl~'ULL'Vl'U~'JCJ Slater determinants 

1~~~1CJ~G'li'IAB Hartree-Fock G'i1ui~m'i~"li''UiB'Ul.l1n~uilm~vni1 Post -Hartree-Fock LL~nhiG'11l.l1'ifl 
' 

"lJCJ1V 1 ~G'l1l.l1'ifl1 offnm~'U'Um Vlqj~'U~'I,!'U OFT ~'I~~'U1~'UL Yivfl1'U1UI'i~'U'U~iH)L~n~n'iB'UlJ1n li'IV 1 'U 

DFT ~1LL'lh~~1flqJAB1-fffl11lJVI'U1LL'Il'U"llB'I~lL~nmB'U n(;) LL~~'Vlln1'i Normalized 'I' 1~ 

n(;) = N J d3r2 J d3rr-.J d3rn 'I'* (~,r2 , ••• ,;n )'~' (~,r2 , ••• ,;n) (11) 

1'Um'ifl1'Udru~i:1Jl11~~'U:W~1LL'lh~.:~d ~.:~ni'Ufl~'U '¥ 0 = '¥ [ n0 ], Operator 

(12) 

(13) 

LLa~LjjBL~CJ'ULL'Vl'UL'VlBlJ ( '¥ [ n0 ] If I'¥ [ n0 l) ~Bfi'U1CJG'llJU~"lJB'I~lL~flln'iB'U~18W'Inotl'Ufl11lJVI'U1LL'tl'U 

V[n0 ]= Jv(;)no(;)d3r VI~Ba~?~~udJ'U 

(14) 
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(15) 

• tJ 

?ll.ln11~\l~th.Jm.JnT~~'U:01'U"Ua\115 OFT 1111ll'VI"'nm1"Ua.:J Kohn-Sham 
"' 

(16) 

1 u"ll1-:J?l a.:JV11'1111~~c.l1u:w1iim1:wfiuwu1 atl1-:J~.n n 1 um1-w'~ u116 n11 fi1u1 rufl ru?~:w'!J~ -u a.:J , 
1?l~~~fl:::~~uu•ihfla\l-ua.:Jm:::u1'Un11~1-:J 6) 1u1?l~ n11oW~'U1-d'ii~'U:01'U:W1"il1n Density functional 

" I , 63 

.::::f1 1 Q.JI/ QJ ~.c:::r. I .c:::r.~ V.c:::r.G 

theory (OFT) "1Wll1!'Jfl~fl11:W~.:JCJ1n~~fltfl11:W"1!U"1!a'U"lla.:Jm1a'UI111m!'J11t'VI11-:Jmftn1111a'UnUmflnl111a'U 

1u1:::uu~iiB~~nl111a'U"iJ1'U1'Ul.J1n ~~'U1fl11:WR~'VI"'n-ua.:J OFT fiam1aTIU1CJ1:::uu~ii Many-body 
I I .c:::r. ~ cC . 

interacting ~1'Ufl11:W'VI'U1bb'U'U"Ua\lmflnl111a'Ubbfl:::m1LLV1'UV1"lla.:J Many-body wave funct1on 

15 OFT 1i?la.:JVlt)~~V11-:JflWI111'11?11111~u~1'U~.:J~n'W~"il'U1~v Hohenberg ~~fltKohn Vl')~~ 
u'Vlbb 1nfia "'W"'.:J.:J1'U?l.n11t~'U"il1n?l:wm1'1lb 1a~\IL "ila fia ~'lniu'W~I'1'11"Ua\lm1:w'VIu1 ~~ 'lluB~~n1111au 
fll'VI'U~ 1~~D'U E(p(r )) ~1'VI1'm:::uu'VIftlt.JB~~nl111a'U 1 'U External potential (Vext)" 'V'I"'\1-:Jl'U~D'U~\InoO'U 

-ua\lm1:w'VIu1 b~ 'llu-umB~~n1111a'U~\I ~ {Ju~.:Jniu-um~h ~~ 'VIU.:JB~~ n1111au Vlt)~~uVJ~?la'lfia "fl11:W'VI'U1 ~~ 'llu 

-ua\IB b~ n111 1 au~"ll1t.Jfl~ n11 1 i'V'I"'.:J.:Jl'U 1~ v 11:w-ua \1~-:J riiu ~ uu fl11:W'VI'U1 ~~ 'lluB ~~ nmau~?la~ A!Ka\1 a tl1 \1 

~ n ~ a \1 ~ yj a ~ "iJ ::: ~~ fl U qj VI 1 B V 1 .:J ~ ~ :W ~ tJ ~~ U U "U B \1 ?l l.J n 1 1 

'll~1B~\I~"i!B" ?l1ll11m:fit.J'U?l:Wn111~~-:Jd 

E(p(r)) = T(p(r))+ Vex1(p(r)) + ~e(p(r)) (17) 

w"'\I.:J1'U"ilfiU~~flt'W'IniuB ~~n1111au - ~)L~ ni111B'U 1:w '1~ ~ uu~i~m~ft::: ~ {Ju 1 tJhj1~~"il:::r11'U'Jru 
'\) 

'V!mv 1 ~ru?l:w~-uB\11:::uu1~ 1 Vlt)'\1~-d'~m~VJ'Uffi~vVJ')~~'tlB.:J Kohn L~fl::: Sham 

Kohn ~Lfl::: Sham L?l'UBl1'V'I"'.:J\11'U"ilfiU?l1:W11mL?l ~.:J L D'U~m'J:W'll B.:J'V'I"'.:J.:Jl'U"ilfiU~bJ1~ii 
6'UI111~~!'J1UfltA11:WU111n~1-:J1:::'VIl1-:J'V'i"'\I.:J1'U"ilfiU~~nia.:J~U'V'I"'\I\11'U"ilfiU~1~1~ii 

'\) 

6u1111n~v1 6'UI111~~t.I1"UB.:JBL~ni111B'U - BL~ni111B'U~mL'U.:Jaamuu?la.:~?bu~LL111n~1-:J~'U fia 'b'U~flfl1?l?in 
'U 

'VI~B'V'i"'\I.:J1'U Hartree L~flt~1'U~Afll?l?in"il:::~~?l~-:J~.:J?l:Wm1d 

EKS(p(r)) = T(p(r)) + vex,(p(r)) + EH(p(r)) + Exc(p(r)) (18) 
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1tl LL uum1i Li'l11~~~ LL tl'Ua'U"llt~'l?t111r:i'J'ULL 1m u'U~~~nn'U E c Fia'W.:Jn-B''Um111&r11~'UTI"lla'l 
~ ~ X 

m1LL"'m tl~tJ'ULL"'~1'J11CiwmB''UI'l1n~cn~'hH~n~.:~"ll11'11tlLLuum1iLm1~~ LLUU~'J 1 tJ t511tlLL uu~LL u'Ue:J'U , ~ ~ ~ 

"lle:J'IW.:JnoU'UF11111&r11~'UTI"lle:J'In11LL"'mtl~tJ'ULU'U~~~n 'W~.:J'I1'U KS ~~ 1~ 
~ 

'W~'I'I1'UVltlfi~tl'l 
'IJ 

Fl'J111Vl1V11 tJ~~1flqj"lle:J.:J OFT Pia f111'Vf1f111i Li'l11~~"lltl.:JW'I noU'Ui'lJ111&r11~'UTI1 'Uf111 

LL"'m tl~V'UL ~e:J'I~1nm111~~'~~tln~a.:J11'W'Ini'Um111&r11-wwfl 'Uf111 LL"' m tJ~v'U EJ'.:J1ll L U'U~~..ijn mJ1.:~ 11 nl'\111 
~ 'IJ 

m1 m111&r11~'UTI"lleJ'Im1 LL"' n L tl~V'U 1t'l1'u111eJV1'1tln~ eJ'I~'IFl'J111'Vf'U1 LL U'U"lleJ.:JB L~nm eJ'U L U'UA1Fl.:J~Vl n~l'l 
'IJ ' , 

1 'Ui{'U~d ifirn1d1 sffe:J5U1VW'InoU'Ui'lJ111&r11-w'U5"lle:J'If111LL"'m tl~V'U L U'U~i..ij'nfi''U 1 'U~e:d1 Local Density 

Approximation (LOA) LOA 1t'l1'um1Vi~11U.n 1 ~L U'Uf111U1~111UJA1B'U~U~'UV L ~a~~~"llrnv Fl'J111~'1noU'U 
~.:Ji'lm?l~ n"tJB'IFl'J111'Vf'U1 LL U'U"llB.:J L11Vl~ n~1 'U LL ~"llB'IFl'J111'Vf'U1 LL U'U u"'~ v'U-w'UTI , 

LDA 111 '11'l?t'U hFl'J111 hlL U'UL dm~v'J n'U "llB'IFl'J11l'Vf'U1 LL U'UU1~ ~~~'~~'~ m~~~111n LLI'l n\P\1.:1 • 
~1nn1~€iL~ nl'l1B'U~L U'UL dm~ v1 n'U m1tl1~111rufi1B'U~U 1 1'111~~ 1 .ff~.:J"Ii'B11"' L~V'J nUFl'J111'Vf'U1LL U'U"lleJ'I 

~ 

B L~ nmv'U LL"' ~ n 111ci 1 ~ ~u 1 'U i'lJ 111'Vf'U1 LL U'U"llB'IB L~ n 1'11 B 'U~'I L~ v n-J1 Generalized Gradient 

Approximation (GGA) LL"'~iJ~ULL'UU~'J1U~'Id 

E~gA = J (p(r), V(p(r))p(r)d3r) (19) 

L ~B.:J~1 niiVtmvi5~"1iv11"'~1 n rn11ci1~~U~"llB'I f'l'J111'Vf'U1 LL U'UB L~nmv'U?l11111 m111vu 1 'U 
~ 'IJ 

w.:~ni'U GGA ~'llJW'InoU'U GGA ~LLI'ln\P\1.:Jtl'U111fi111V U1~nBU~'JV Perdew-Wang (PW91), Perdew-

Burke-Ernzerhof functional (PBE) LL"'~W'InoU'U~tl1'utl1'1~1n PBE (RPBE) 
' 

GGA ~'J 1 tJ1 ~t:m~-w6~un~B'I111n~'UL~m Vivunu LDA 11'1mu'W1~vci1'1~'11 'Uf111 vl1'U1Vm111 
~ 

• tJ1'J~'U5~LL"'~'W~'I'11'U1'Urn1VI'I~U"llv'IL11L"'na 1'UU1.:Jf'l~.:J LOA ?l11111tlvl1'U1V Lattice constants 1~~n-J1 , 
L~mVivunu GGA BV1'1bnl'l111vr.:~ LOA LLa~ GGA 1li?t11111tlvl1'U1tJ?l11D~h11'1BL~nvrmun~"llv.:J1?tl'l~iJ 

' 
m111&r11~'UTitl'UBV1'1111n BU?l11f'ld'l111tlr:im1tl1~111UJA1~Ln'U'Vf11 LOA LL"'~ GGA 

' 'IJ 
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""<V c1d d II ( • • ) 2.3 n1':i'VI'U'V11tl~fi.:J1tl1\ilt:nLfi::'VIq"~;-~'VILnV1'UiN Literature rev1ew 

1'Uu 2013 nci:wi~v<t~e.J'l H. Yildirim LLfl::rlf.U:: 12 1~vi'1m1fimnm11?ll?li'UL'Uti~'U ' ~ 
'U'U 

~'U~'J<tleJ'lLfl'\l'!::"!lul?ll'i1'11 2 "!JUI?l~1Elfl'Ufie.J coinage metals ~'l't.h:::ne.JuhJ~'W gold (Au) silver (Ag) 

LL~::: copper (Cu) Lb6'1::: transition metals 1~LLrl platinum (Pt), palladium (Pd), rhodium (Rh) bLfl::: 

nickel (Ni) Ll?lEJ1-ti1:::b'UV'U15~Le.Jv.JVi Lba:::Fi1'U'lrurh'Vl~·N1'Un111?ll?li'ULI?lv1-ff method LU'U 
~ 

PBE bL~::: vOW-OF 5 "lltJI?l 1~LLri optB86b, optB88, optPBE, revPBE LL~::: rPW86 cmm1flm~n'Vl'Ui1 

n11b~:W van der Waals (vOW) '<\l:::vl11~FIT~'I~'l'l1'U1'Um'.il?ll?liuliFI1b~:W~'U bb~fi.:J~.:J':itlvl 2.1 bbfi:::'V'I'Ui1 
~ ~ 

B'UI'11fl~CJ1~ b nl?l~'U'.i :::'}'!i1'lL'U'U~'Ufl'U coinage metal '<\l:::eJv'Uni1B'UI'11n~V1'.i:::'}'!i1'lb 'U'U~'Ufl'U 1~VI::: 
'Vl'.i1'U~off'U 'Uvn'<\11ntl'ULLiK1£i''I'V'I'Ui1LrlvH method LU'U optPBE LLa::: optB88 '<\l:::v111~FI1Yl~'l'I1'U1'Um'.i 
l?ll?li'U L 'U'U~'Ulj fi 1?1 e.J\?1 fl fK B'l fl'U t.J ~ n 1'.i'Vl 1?1 ~e.J'I 
" umh·~-'(}!l'iv~'U~1~LU'U 1~'}'!:::'Vl'.i1'U~-ff'U 

3.0 

2.5 

> 2.0 
(1) 

"---' 

"' " w'" 1.5 

•1.0 

0.5 

0.0 

-PBE 
-rPW86 
-revPBE 
flalloptPBE 
-opt888 
C=::J opt886b 

Cu Ag Au Pd Pt Rh Ni 

-m\:wi~v-u-v.:~ K. Tonigold LLfl:::flru::: 
13 1~i'.i:::Luvu15~LvV'IVil'Um'.iflm~nm'.il?ll?li'U benzene 

' ~ ' 
thiophene LLa::: pyridine 'U'U~'J~fli'U 2 "iltJI?l fi-v ~'U~'l<t!B'I'Vlv'l LL6'l:::'Vlv'ILLI?l.:J"ilUI?l 111 '<\11nm'.ifimn 

'V'I'Ul1~'U~'l~'l~l?li'U~LU'U'Vlv'I?I1:W1'.if:l~l?li'U benzene, thiophene LLa::: pyridine 1~~ni1~1~1?li'U~LU'U 
v v 

'Vlv.:JLL\?1-:J 'Uvn'<\11nU'ULLiK1V'I'V'I'Ui1t.~6'lm'.ifi1'U1ru'<\11n pure OFT U?lvl?lfl6'lv'ln'Un'Ut.~a'<\11nm1 
.:::::1 V I QJ QJ V V ~ 0::::::. 

'Vll?l~v~-vnmv fi1'V'I~.:J'I1'Un1'.i~l?l'll'U benzene, thiophene LL~::: pyridine 'U'UI'11~1'1'1l'U'Vl.:!?ltl.:!"il'UI?l LL~fi.:J 

~.:J':itiVi 2.2 
~ 



Au/benzene 

Au/pyridinL' 

Au/thiophene 

Culbenzcne 

Cu,ipyridiuc 
Cu/thiophenc 

EDFT 
a<! 

-0.03 

-0.06 
-0.()9 

-0.02 

-0.06 

-O.o7 

Hybrid 

-0.76 
-0.71 
-0.73 

-0.61 
-0.59 
-0.61 

13 

rDf.T 0 
.I:. ad 

Grimme 

-1.35 
-1.26 

-1.24 

-0.86 

-0.82 
-0.81 

-0.63 

Not available 
-0.57; -0.68 

-0.59 
-0.52: -0.56 

-0.59 

':itl~ 2.2 'r'l!K'lnum':ii'H>l-B''U benzene, thiophene LLf\:1 pyridine 'Utl~tle11'!Ju'!VIB'l LLfi::Vlu.:)LL(;)'l ... " 

-fHh.Ji~EJ"lleJ-:1 N. Atodiresei bb"~f'lru~ 14 1~vhm1f!m~n-e)'t.t~r;iii~V1'V11-:Jbf'll1 2 'l!tJI'l , 

Fiv chemical bb"~ van der Waals interaction (vDW) ~ij~.m~v heteroatom t"li'U eJ~\Piv:I.J"!JeJ.:Jlu1\PI)bv'U 
3 bbUU Fiv 1llt"fm benzene pyridine bb"~ pyrazine ~b1fll'll'liumiu'U~'Ue'j1"l!V.:J'VleJ.:Jbb~W!ltJI'l 110 1Mv1i 

q \J " 'U 

)~tuvu15 DFT LL~I'l.:~fi-:~1tlvl 2.3 &.J"f111Fim.~1'WU11 ~1LL'V!U.:J"llv.:J molecular orbital "l!V-:1~11'11'1-B'uLm~ 
... ... 

v u • 

~1b11'll'll'liU~'Uvtlnu"il1'U1'U"!leJ.:J heteroatom 'Uvnv1nU'ULL~1tJ.:J'Y'IUi1m)t ~l.l vDW l1&-J"~vfiT;il'll'liu 
\1 " \J 'V 

benzene '!!vvmn Lb~n1)b~:l.J vDW v~l1&-J"eJV1'1:l.J1fl~eJf11)1'll'liu pyridine 11'1EJ:U~Ltl~V'U:U1flf11)1'll'l-ffu 
... ... 

Vl1'lfl1V.nTv·n U'Uf11)1'll'l'li'u'V11'1Lf'll1~tb ~'ILL )'I~'I~'U LL"~ 1 'Umru"llv'l pyrazine vDW :u~ L~:l.lfn)VI'l Lfl1~ ... 
)~'V!l1.:J1m"nmL"~~'Ue'j1~1MI'l'li'u , ... 

15 111 0 q v Q I I v ~ 
Hussain Lb"~f'lru~ l'l'V11f11)f'lfl~1f11)1'll'l"!!U?I1) VOCs u)~b.fl'Vlfl":iJ?I1)U):::fleJU"!l"L'V.JeJ) ... , 

(Organosulfur Compounds) 11'lv 1i~1~Miu bU'U 1 'Vlb'VlbUEJ:il 1Mvvn h~~t\iv~1EJ 1"'VI::: b~'U~1VlTI DFT ~.:~ 
&.J"'f11)Fifi~1'Y'IU111"''VI:::b~'UL\iv 1~~u~nru'VIl,j1eJI'l)eJn~"' (OH group) "l!V-:1 1 'VlL'VlbUEJ:l.J 11'lvvn 1"1l~~ffif'l)'l 
&.Jamtuu anatase 'UeJflv1fl-drn)Fin~1tJ.:J'WUi1m:::u1'Ufl1)1'll'liu"llm VOCs tU'ULLUU~'Uu:::'Y'I1EJ LL~I'l.:~fi.:~ ... 
"Jtlvl 2.4 1Mmu'W1~fi11MI'liuu~t1ruvlilm1L\iv 1"''V!~b~'U,!'U v~l'll'liu 1~~ 11'1£11'1 heterocycles b1fll'll'liu 
'U '\J " 'V \1 

1~~fll1 VOCs tl1~L.fl'Vl~'U ~'I&.J"fl11rl1'U1ruf1111'll'liu~1~ijm1l.l?lell'lf'l~V.:JnU&.J"f11)'Vll'l"v'I~1V~11'll'lsffU ... ... 



14 

(nl (b) 

":iU~ 2.4 Ll'l":i<l?!h~'lJ'iN (a) dibenzothiophene LLc;J~ (b) 4,6-dimethylbenzothiophene 
" ~~~.ij''I.J'I.JlJ Ag-Ti02 cluster 

-nci:wm~tJ"lle:J~ K. Nakada LLa:::flru::: 
16 1~'Vi1mifimn 1~v 1-Hi::: b'iJm.J15~Le:J~Vil:um"J ~~i'Ue:J:::(;le:J:W 

' " 'U 

'lle:J~51(;)BG'li:::~~VI:W~ 1uG'lm1::: LLni:I'UU~U~'"Jfl'J1VlULL 'U'U'Ufl~'IJU1~ 3x3 supercells 1~viil'l1LL VIU~ 1u m"J~~ 
i'U~~VI:w~ 3 l'l1LLVIU~ HiLLn 1'11LLVIU~'Uue:J:::~m:wfl1~'Ue:JU (Top site) 1'11LLVIU~'Uu~uu:::i:::w;h~B:::I?1a:w 
fl1~'Ue:JlJG'le:J~e:J:::\?lv:W~B~~~nlJ (Bridge site) LLa:::\il1LLVIU~\?li~fla1~'UlJ-ne:J~';h~'IJB~1~V!mVI~tJ:W'UlJLLe.iUm1 

'U 

Vlu (H6 site) 'OJ1fl&.Jam"Jfim~TV'I'U';hiiu11?1BG'li::: 7 'llU~ ~Clfl~~i'U'UUI'l1LLV!U~ Top site 1~~~G'l~ ~~~1u 
, 'U 'U 't 

1VIqjLiJuu1(;)1Ufl~:WenLaL'OJU LLa:::51(;)BG'li:::Bfl 18 'llU~ 'OJ:::~fl~~i'U'UUI'l1LLV!U~ Bridge site 1~LG'l~tl'J~~~ 
~~~'JlJ 1VIClJL1Juu11?11UV!lJ 14, 15 LLa::: 16 LLa:::u11?1BG'l'J:::~LV!~B'OJ1fl~flci11:W1'0J:::Clfl~Vli'U'UUI'l1 LLV!U'l H6 

CIJ , 'U , " \1 

site 1~~~G'l~ LLG'lVl~~'litlvi 2.5 ' .... 

B-site 

H6-site F :1\e 

T-site 2.90 

Cl Ar 

1.27 

Br Kr 

0.98 

Xe 

0.75 

":i'IJ~ 2.5 fl1':i~~.ij'I.J\J1{;1B"'":i~vh<l., 1t~?t.fl11~LLn"''I.JlJ.i{lJ~1'lJ'il<lfl":i1Ylt! ~ ~ q I 

LLc;J~A1Yii:i'·HllJfl1":i~l'l~'I.J'lJ'il<ILLvlc;J~":i~'I.J'I.J1lJvru1tt eV 
'IJ 
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-m-h..J~i-:ijv'tm.:~ L. Ma m'l~flru~ 17 1~vhnT~Pim~n1~v 1i~~~uvu15~wvlVi1 'Urn~Pin'tf1f11Wt~~u 
' " " 

1~1~wil'U'U'Uv:::~mJ'tJeN 16'lvr~~~'W6'1~6'l~~mJ~f:lm~m'l.:~u'U~'U~'dm1Yl'U't!iJ~I'i1.:~ ... 5 'tliJ~ LLa~.:~~.:~-atlvl 2.6 
" I ., 

1~~Ln Pristine graphene, Boron-doped graphene (B-doped), Single-vacancy graphene (SV), 585 

Double-vacancy graphene (585 DV) ~L6'1~ 555-777 Double-vacancy graphene (555-777 DV) :U1f1 

f1T~Pimn'WU'J1 ~'U~'dm1Yl'UL~'U'U SV G11ll11f:lV~Lf11:::n'Uv~l1le:JlJLL'Wm6'1L~Vll1~~~G1~ ~.:llJFl1'\I'I"'.:!HUf111 , 
v~Lm::: (Binding energy, Eb) Lvhnu 5.37 eV :U1mT'Un~ll~1-:ijv1~'l11Le:n~'U~'dn·nYJ'U~L~v~'dtJv:::l1lvll 
~L'W6'l~m~vll~.:J 5 'tliJ~ hJ'Vl1m1Pin'tf1nT~~~~u 1m6'ln6'11~1mL-:u'U :u1nm1Pin'tf1G111111f:lt11't.l1~11 ~'U~'dn " , ' 
11W'U~~~v~1Vv~l1lvllLL'Wmm~vll~.:J 5 'tliJ~ G111111f:l~~~u1H1~1L:U'ULllL6'lnrt1~~-:~vrll~ 3 Lllb6'lfl6'1 vmi''U 

'U ' ' 

~'U~'dm1W'U~b~v~'dtJv~l1lvllbL'Wm6'1L~tlllbL'U'U 585 DV ~G111111f:l~~~u1~1~1b:U'U1~L~tl.:! 2Lllb6'lfl6'1 
" ' 

"'il /rA 
Tf 
t5[J.! 
'~[4-,~ ... ..--.. 
' "'l ~·t ~)': \ 

' \.. 

1 .... • ••• ! I 1 •••• • ... ! I 1 ••• : ... !I 1. a ... tl I •• ~ •• J I 
~uvi 2.6 ~'U~b'lJv.:Jm1rhJ'!ltJvwh.:~1 viL~vv'bc.m~l11eJ:I.JLL'Ylmm~v:u (a) Pristine graphene, 

(b) B-doped, (c) SV, (d) 585 DV LLG'l~ (e) 555-777 DV 

i5bO 

-ncill~i-:ij't.J'tJv-:1 Lopez-Corral Lb6'l~flru::: 18 1~vl1f111Pifl'tf1L~tJ 1-ff':i:::b uvui5~Lvvlm 'Uf111~~~u 
' " " 

1~1~1L:U'ULllL6'lf16'1 1~t~H'~1~1'1~u~.:~vrlll'1 3 'tliJ\11 ua~.:~~.:~-atlvl 2.7 1~LLn ~'U~'dm1Yl'U~L~v~'dtJv:::l1lvll 
' " 'II 

LL'Wmm~Vll ~b 'Wmm~t.Jll~~m~vv~'U'U ( 1 0,0) fi1~'Uv'U'U1L 'UVbUeff'UL~tJJ~iJ"'n'tfru~Lb 'U'U~flbL"Ilfl ((1 0,0) 

Zigzag single-walled carbon nanotubes) LL6'l~bbl"lrtbm~vll~~m~vv~'U'U (5,5) fi1~'Uv'U'U11 'U.Ybu.ff'U · 

b~tl'd~ii"'n'tfru~LL'U'Ue:n~llbb'tl~ ((5,5) Armchair single-walled carbon nanotubes) ":il1nnT~Pin'tf1'W'U':h 
v~l1lvll bb '\1'16'1 L6'1 L~ tlll:U~ f:lf1 V~ bfl1:::v ~'U'Um1Yl'Ubb 'U'UUfl~i1~~~G1~ LL6'l~~'U~'dm1YJ'U~ b ~v~'dtJB~ \?lull " " , 
L~ Vlmm~vllnv.:~iim1llt11ll11f:l1 'Uf1111'11'1~'U 1H Ll'l':iL:U'U LllL6'lf16'11~~~G1~Bfl~'dV " , , 

khanitha
Rectangle



a 
jill OJ 

l--~1101•1 
top sit~ 

hridge site 

b 

holhw• sih~ 

16 

"r·- 10011 • L!OIOI 
~:ntphene monolayer 

, .. 
•. z/"4." 
; Zr..n 

(10,0) z~g SWCNT (5.5} armchair SW<:NT 

(10,0) zigzag SWCNT LL~:; (5,5) armchair SWCNT 

-ncilJi~v'l.l&l P. A. Denis bb&U~flru~ 19 1m-ff1~Luvu1~~Lvv.Jvil:um1Fin~1n1'~1illiliu thiophene 'U'U ' ~ 

~11illili'U 2 'i!Uiil Re:J single wall carbon nanotube (SWCN) bb&l~ m1Yl'U LL&Wl.:JU.{IIiJ.:J~.:I'rtJvl 2.8 bb6l:: 
u ~ 

2.9 ~1f1fl11An~1'W'Ul1 thiophene ?l1lJ11fJ~Iil~'U1~~mv1'Uvlv~1'U1'U'I.le:J.:J SWCN lJ1f1f1l1~1'U'Uvf1'i!e:J\I 

SWCN 'Uvf1~1mT'ULL~1EJ.:J'W'Ul1f11ruv11-ffm1YJ'ULV'U~11illiliu~::lillili'U thiophene 1~~L~v1lJLana 
" " ' " thiophene 11\1~1'i!'U1'Utl'UY'l'U~1~1~1ili'U 



.. 
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~~ ... ·· ·ft ·-

--~-

'l'llv1 2.9 n1"i111111'li''U thiophene 'U'Um1Vl'IJ 
" " 

-n~:wi:ijv-uv.:~ C.M. Ramos-Castilla u.~~Flru~20 11'1'Vi'1m1Pimnm':il'll'l.a\mn?t1el1mLv'UU'U~'U~·m 
' " 

11Yh..!LLuu"lim11.:~L~tJJ~L~e:JI'i--wn~:wm~~ne:J:wLL'V'Imm~v:w-u'U11'1 1-4 e:J~~ne:J:w LL6'1t1.:1~.:11tlvi 2.10 ~~m':iPimn 
' " 

'V'IUl1'V'I~'I'I1'Un11~1'1Ln1::: (binding energy) 'lle:J'I1:w b~~~ 1e111'11 bv'U~'Ue:J~ nu-u'U1l'l'lle:J'In~:we:J:::!Yle:J:W 
LL'V'I~ Lm~v:w LL~~(ii1LL Vlu.:~1 um':il'll'liu 1l'lvun~LL~·;rw'Uli~1:m11'1e:J~!Yle:J:W 1el11'11 Lv'Uv~LL~nnvvmrimnl'lm':i 

'11 

?t~1.:~~'Uli::: nun~:wv:::~nv:w LL 'V'I~ L~ L~ m.1 m1R1'U1ru?t1ll11f.1vi'1'U1~ 1~11'V'I~'~'~1'U m1~ ~'~ Lm~-uv.:~l:w Lii'ln ~ 
' ' 

1el11'1Wil'Uv~~l'lm~1n 1.2 eV bU'U 0.085 eV ~.:~a:w-w'Ui5nu:ij1'U1'U1:WL~n~~f.1nl'!l'liUbb~:::e)'U~n1n~tJ1 
. , '\1 " 

':i~'V!l1'11~Vl:::nu 1e:J 1l'lwiluuu~u~1m1Ylu 'Ue:Jn~1mT'Uu.~1V'I'V'IUl1m1Yl'ULL uu"liv'll1'1L~tJ1~L~e:J~1tJ n~:w 
' 

v:::~Y~e:J:WLL'V'Im~L~v:w 4 e:J:::~Y~e:J:w LU'U'llUl'l~i1Fl11:WLu'V'I1:::LL~:::i1Frnv.n1'V'I1'Um':inmnu 1v1l'I1L~'U 
L'W':i1:::e:J:::!Ylv:w-umLL'V'Imm~mJ ~.:~ 4 e:J:::~ne:J:W?t1:1J1':if.1?1~1'1-w'Uli::: 1FIL1b~'UI'i" ~.:~'Vi'11-M'V'I~'I'I1'U1 'UnT;~ 
~l'ILm:::i1Fl11lH Vl:W1:::?llJI;'11:1J1':if.1l'll'l.ffU 1v 1l'l':i L~'ULL~::: 1el1l'l1 L~'Ui;'11lJ11f.1Vl~l'le:Je:Jn 1~~e:JruVI.niJ-Mv'lbLii'l:::Fl11:W 

~ , , ~ 

~'U~ L Vl:W1~?l:W '11'Ui :ij~.Q' bb?ll'l .:~1-Mb ~'Ul1eJ'U\Yl';i fl~ tl1':i :::Vll1'1 n':i1Yl'ULL UU"lie:J'Il1'1 b~ ~1 bLii'l~ e:J'Um 1"11::: ~U'U11 'U 

-uv.:~11i'IVI:::'Vi'11-Mm1nu Lnu 1v 1l'l1 L ~'Uu'U~'U~1m1Yl'ULL uu'llv.:~11'1L~~1i1u1:::~'Vl5m'V'I:w1n~'U 

a) b) 

xg:r)i -0.6 

~~:J>-o.a 
-1.0 

-1.2 • '- HiPd on pristine graphene 
-1.4 ~-.-~--.-~---,.-~-.--~ 

2 3 4 
Pd atoms 

' 

au\11 2.10 a) fl1"i~111'li''ULLfl"1vLiil1L'il'U'U'Un"i1Vl'UU.'U'U'!ieJ-:rh~L~EJTviL~eJvl1EJfl~lJeJ::111BlJLL~m~L~mJ'lJ'I.I1111 1-4 B::\11BlJ b) 

fl"i1~ IJ.~\11~ fn"i L mvu L YitJ'UrlT\"1~~~1'1Jfl1"i~111'li''U LLn~ 1v Ll'l"i L 'il'U'U'Un"i1Yl'U1.Jfl~ LL~:: m1Vl'IJLL uu'llm11'1L~tl1 
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-mhJ~l-.ij'EJ"lle:J.:J N. Supawadee LL~~flru~ 13 1~v11m1fim~1n111'll'li'U m-xylene hmti~11'll'li'U 2 
, ~ I ~ ~ 

"1JUI'l ~v pristine sraphene LL~~ defect graphene ViL~v~1V tetramer cluster "llv.:J platinum 

palladium sold LL~~ silver Ll'lEJ1-ff1~LUV'UlTI~hvvJVi bbal'!~~.:~~tlvf 2.11 ':il1f1~~n11fim~1'\"l'Ul1 m

xylene ?11lJ11fH~JI'li'U 1~~'U'U defect sraphene ~L~v~'JEJ tetramer cluster "llv.:J L~V!~~1.:!1 l.J1f1f1i1 

pristine sraphene ~L~v~1EJ tetramer cluster "1lv\IL~V!~~1\I'l 'Uvf1':il1f1,f'UEJ\I'I"l'Ui1 n11~1'li'U"1lv.:J m

xylene 'U'U defect srapheme ~L~v~'JV tetramer cluster "llv\1 Pt4 LL~~ Pd4 LU'Uf111~1'li'U'V11.:!Lflli ~J'U 
f111~1'1-a''U m-xylene 'U'U defect grapheme ~L~B~1V tetramer cluster "1JB.:J Au4 LL~~ Ag4 LU'Uf111~1'1 
i'U'V11.:Jf11Wl1'\"l LL~~'I"l'Ui1 defect srapheme ViL~v~'JEJ tetramer cluster "llv\1 Pt4 ?l1l.J11tl~l'li'U m

xylene 1~~~~1'1 

atJ-vi 2.11 nTi~Vl'IJU m-xylene U'U defect graphene viL~v~·:m tetramer cluster 

'!Jtl-:1 (a) Pt4, Pd4, Au4, Ag 
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d 
'U'VI'VI 3 

1) bfl~€J~fl€J:U-w"J b~v1"1 m 'Uf11':irl1'\J"Jtu b~t.JtJ1bfl~€J~fl€J:U-w"Jb~vi:U1b ~v:Ufl'U~l'U':i~'U'U bfl~€J•lh tJ bbfl::: 

1i"IJ€J~v1Ln1""li1v 1 'Um':im:::\11t.J~1'UL ~v 1 ~':i:::uuth::::u"J6'lj;J6'la1:u1':ifl'l.h::::u"J6'lj;Jfi'W~€J:u 'l n'U L ~m ~:u:U~ 

m1:ua1:u1':ifl1 'Um1f11'Ulru 1 ~ih.h:::~Vl5mw:u1nri~~'U LLfi:::'U€Jf1\11nd~~ 1-ffG1Tt . ..,~uvhm1 L~~ v:u 1 ~~<U'€J:u6'1G'i~ 
" 

LoU1G'i':i:::'U'Uf11':irJ1'U"Jru L "!i'U m111~ bfl':i~a~1~ Lmf!nf! m1tl~u 1rr~~a~1~ 1:uLf!f16'l LLfl:::f111LU~ bfl':i~a~1~L ~8 
" ' ' 

'Vl1m1fimna:u~(;h~'l •tm~a1111i'1u 

2) 1 tl1 LLm:ur11'U1 ruVl1 ~ LfllJflleJ'U~:u~~'VlTvnhvtl 'U m 1 eJ€Jn u uu LLG'l::: ~1 t1 €J~I1i'1'U1a~f'na~11111 LLn 
' 

Material Studio 5.5 il~LLa~~1'U1tlvl 3.1 H'G1Tvt~'U~l6'lv~LL6'l:::eJ€JflLL 'U'U b:UL6'lfl6'lf111~'U"!!U~"lieJ~';h~L~tn~ .. ' 
L ~eJI1i'1t.J 1mii:::Vl':i1'U&aoil'U L ~€Jfi m<.~lflrua:u~1 'Uf11':i~~sffua11B'UVl~Eh::: L vtti~1EJ'U'U~'U~1 mlYl'U"l!U~"!itJ~ll~ 

' " 

, ... , Materials Studio 5.5 •• 
1tlvl 3.11tl1Lbfl1:U Material Studio 5.5 
'U 

#putty 
~tJvl 3.2 hhLLfl1:U Putty 

3) hhLLfl':i:ULtl'U':i1'\J':i1:UoU€J:Ufl 111i'LLrl Word Paint ~~LLa~~1'U-atlvl 3.3 1iG11vt~'Uf111-w:u.W'!i'€J:Ufl 
'U 'U 'U 

LLG'l :::11 vt1::: LB EJ~"ll tJ'la:uu&J 1'11'~ 'l vftl11\11n m 1 fi n~1 L ~€J~~'Vl111 EJ'l1'U LL6'l:::':i1EJ~1'Uj;Jfl m1 fi n~1 

d 1 . ~'ll'VI 3.3 thLLm:u Word LLG'l::: Pa1nt 
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·rt.Jili 3.41'll~LLm:W Excel (-&'1~) LL~~ Origin ("ll11) 
'U 

3.2 -a::ttivu151~v 

1um~u1um~filmnmwtV~sllu?11~ vocs uu'i{u~hm1YlULL'U'U"!iv·:rh~L~~1~L~v~b~1~'VI~'V1~1U 
" 

:tii'U,!U'il~H Dmol3 1u1'll~LLm:w Material Studio5.5 ~.:~iloff'U~e:JULL~~15m~vi.:~d 
1) ?1~1.:~1m.:~?I~1'1?11:W:IJ~"lle:J.:J'i{u~-;m~1YluLL uu"lie:~.:~11.:~ L~~1 uih b~e:J~1 ~nci:wv~ ~e:J:W'IJU1V~'VI~.:~ , 

vhm~fllm~n 1m.:~?I~1.:Jili L?I~V1'1Je:J.:Jn~:we:J~\Yle:J:W"l.IU1VI~e:J::\Yle:J:W"l.le:J.:J 1~'VI::'V1~1u'Biu 1V~~ m~ fin"tn geometry 2 

bb'U'U~1CJnu fie:~ Lb'U'U A il geometry LL'U'U Tetrahedral LL~::LL'U'U B il geometry LL'U'U Square planar 

~.:J-atlili 3.5 .. 

··"' . 1 "'... .... .. .., 'auVI 3.5 n~:wv::\Yle:J:W ~'VI::VI~1'U"'l"!!U (TM) :-au~l1'Uiill1mLa~.:~ oeometry LL'U'U Tetrahedral LL~::V\1U'IJ11 'lJ , 'U :;, 

LL?IVI.:J geometry bb'U'U Square planar 

2) 'il1n,!'UrlTU1UJ1fi~.:J?I~1.:J~.:JLUu1ti\Yl1:W~::LtiCJu15 Density functional theory (DFT) 1V~CJ1offw.:Jn-n'Um~ 
tJ~::mrurhLL'U'U~11'll (GGA) 'l!UVI PW91 L'U6i!?lb"'!Vlfie:J DNP 'IJeJ.:!hhLLm:W Dmol

3 1u"!!V~hJ~LLm:W 
' 

Materials Studio 5.5 'VI~.:J'il1nvi1m~ri1'U1ruLa~'il'il~ 1mm.:Ja~1.:J~ilfi11:WLa~CJ~:W1n~aV~ 
' 

3) ri1u1ru 1R~.:J?I~1.:J~ L?l~~~'lle:J.:J e:J::\Yle:J:W'VI~e:Jnci:wv::\Yle:J:W 1~'VI::VJ~1u"1!iu1V~~ 1 off?~m1:: L~CJ1n'Unu 
' 

'i{'U~1 m1Yl'U LL 'U'U"!ie:J.:J11.:J L~ CJ1 (SDG) LL~::~'U~1 m1Yl'U Lb 'U'U"!ie:J.:J11.:J b~ CJ1~ L ~e:J~1 CJ 1~'VI::'V1~1'U:tii'U 
(TM/SDG) LLii1L~eJ 1-ifl Uf11~R1U1UJ'V11'V'I~.:J.:J1'U 1um~~VIL'VI~CJ1 (binding energy: Eb) ~::'VI11.:J~'U~1m1Yl'U 

LL uu"!im11.:JL~~1 LL~:: 1~'VI::V1~1u6i!i'U 
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4) U1'Wr.r.:~.nuviH1~1f1fl1'Jrl1'U'Jru~'U~'Jm1Yl'ULL'U'U"llen11~L~~nviL~ewi''JCJ 1~VI:::Vl'J1'U"!lsB''U (ETM/sDG), 

~'U~'Jf1'J1W'ULL'U'U'lieNl1.:JL~CJ'J(E50G) LL~:::v:::l'lt:l:l.Jt~~elf1*JV:::(;l'V:W L~V!:::Vl'J1'U~oU'U (E™) \11~LL?II'l.:J1'U~tlvi 3.6 

1- :W1rl1'U'Jru'VI1'Wr.r'I.:~1'U1 'Ufl1'JVI'ILV!~tn (binding energy: Eb)\11'1-d 

• 

d ~-

SDG TMdopedSDG 

TM 

-;;tlvi 3.6 f1'J1W'U LL 'U'U-dv.:~i1.:~ L~CJ'J.yj L ~B~'JCJB:::I'lv:WV!~vm'i:wv:::l'lv:W L~V!:::Vl'J1'U"!lsB''U (TM/SDG), ~'U~'Jf1 
~ , 

'J1W'ULL 'U'U'liv.:Jl1.:JL~tn (SDG) LL~:::v:::l'lv:WV!~Bf1rt:WB:;I'leJ:W L~V!:::Vl'J1'U6iioU'U (TM) , 

5) V!r;r.:J~1 n~'UU 1~'U~'J f1'J1W'U LL 'U'U-dmi1.:J L~tnviL ~B~'JCJv::: l'lv:WVI~vnrtl.Jv:::l'lv:W L~V!:::Vl'J1'U"'li'U vi , 
L?tiiCJ'JLLa'JmL~:w 1:wL~ n~?t1'JB'UVl~th:::L VICJ~1CJ (?11'J vocs) vi~::: 1~1'11'1-B''I.J 1 'Uvi-d~:::vhm"JP!mnm'JI'll'lsB''U 

, 'U 'U 

?11'JB'U'Vl~th:::LV!CJ~1CJ 5 '!lUI'! 1~LLn benzene thiophene pyridine pyrrole Lb~::: furan 111'1~tl~ 3.7LI'ICJ 

~:::Yl~1'J ruif11'J'J1.:Jvl'J'IJV.:J 1:w L~ f1~?11'J VOCs 'U'U~'U~'J n'J1W'U LL 'U'U-dv~l1'1 b~CJ'JvlL~B~'JCJv:::l'lvl.JVI~Bf1rt3..1 , , 
B:;l'lv:W 1~VI:::'Vl'J1'U"!lsB''U LI'IV 1 'U.:J1'Ui..ij'tJd~:::LwnYl~1'Jru1m'J'J1.:JvJ'J'llv~ 1:wL~n~ ?11'J vocs vvm U'U 2 LL 'U'U , 
~v L:wL~f1~'lleN?I1'J VOCs 'll'U1'Utl'U'J:::'U1'\.J~'U~'Jm1W'ULL'U'U-dm11~L~CJJ.yjL~v~'JCJ L~V!:::'Vl'J1'U"iioH'U LL~::: 
L:W L~ f1~'llv~?l1 'J VOCs ~.:!tJ1 f1tl'U'J :::'U1'\.J'llel.:!~'U~'J f1'J1W'ULL 'U'U-dv.:Jl1.:JL~ CJ'J.yj L ~B~'JCJ L~V!:::'Vl'J1'U~oH'U\11.:J 
LL?II'l.:Jt'U-;;tlvi 3.6 mt: 3.7 ~.:Jf11'J'J1'1Ll.JL~n~ VOCs ~.:J\l1f1tl'U'J:::'U1'\.J'llv.:J~'U~'Jm1W'ULL'U'U-dv'll1'1L~CJJ~'U 

~ , 
~:::l1'U~1'U.yjij heteroatom dhV11L~V!:::'Vl'J1'U6iioH'U'U'U~'U~'Jf1'J1W'ULL 'U'U-dv.:~11'1L~CJ'J L Yiv 1 ~fl'JB'Ufl~:W , 
r.rn~ru:; f11'JI'll'li'UviL U'U ltJ1~ 

'U 
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Benzene Foran Pyrrole Pyridine Thiophen 

• 

• 

6) "il1fl,!'Urht.nru1fl':i'la~1'1~'1Ltl'Uh.Jt'11l.l':i:::LutJu15 Density functional theory (OFT) hm1-ff 

'W.:~n-a''U PW91 Lu"1laL"llVli'JB DNP 'lJB'IhhLLfl':ilJ Dmol3 1'U"ll~hJ':iLLfl':ilJ Materials Studio 5.5 'VI"''I"il1flVh • 

~i'U~L~BU'U~'U~'Jfl':i1:W'ULL uu'llv'r.h.:~ L~ tll L ~B 1m 'Ufl1':irl1'UlfJJ'VI1'W"''I'I1'U 1 'Ufl1':i~~iu 
'U 

8) 'l1Tw"'.:~.:~1'Uvtl~"1flfl1':iA1'Ulru~'U~lm1:W'ULLuu'llv.:~i1.:~L~tJl~L~B~ltJB:::t'lvl.l'VI~Bflcil.lv:::t'lvl.l , 
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l'll'l.a''U~1'.l VOCs (ETM/SDG + vocs) bbm~hmmfl~1'.l VOCs (Evocs) ~.:Jbb~l'l.:Jlu-a'I.Jvl 3.6 :U11'i'TU'Jru'Vi1'V'I~.:J.:J1'U " ' .. 
1 'Un1'.ll'll'l~'U~.:Jd 

" ,. 

Eads = ETM/SDG + vocs- ETM/SOG - Evocs 

TM/SO{; + VOCs TM/SDG VOCs 

'.JU~ 3.10 n1'.ll'!l'l~'U~1'.l VOCs 'U'U~'U~bm1¥l'Ubb'U'U"lieNi1.:Jb~t.I'J~b~v~'Jt.JLfi'Vi~'VI'.l1'U6Bi'U (TM/SDG + 
" " 

VOCs), ~'U~hm1¥l'Ubb'U'U-dv.:Ji1.:Jb~t.I'J~b~a~·m1fi'VI~'VI'.l1'U6Bi'U (TM/SDG) bbfl~ hHflnfl (VOCs) • 
9) '.l'J'U'.J'J:Ubbfl~ibm1~-H-iia:ufl ~.:JI'ia 1ud 

" 
9.1 lbFl'.l1~VibFl'J'I?I~1.:Jn'UFi1'V'I~.:J.:J1'U 1 'Un1'.ll'll'l.a''U ~11 VOCs 'U'U~'U~'Jm1¥l'Ubb 'U'U-da.:Ji1.:J 

'U 

b~cn~b~a~'Jt.J Lfi'Vi~'VI'.l1'U6Bi'U 

9.2 lbf'l'.l1~-H PDOS 'l.lv.:Jn1'.ll'!l'l~'U~11 VOCs 'U'U~'U~'Jm1¥l'Ubb'U'U-civ.:Ji1.:Jb~t.I'Jb~eJ~'JtJ 
'II 

1fi'VI~'VI'.l1'U"Bit~ 

10) ~'.Jth:,jflf)1'.J'VJI'lft'El'l 
' 



• 
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d 
'U'VI'VI 4 

1um1Pim~1f111W~W~oii\JG'111~h.t'VI~V1~LVItl~1tl (VOCs) 5 "l!UW~ 111lun benzene thiophene furan 
v 

pyrrole LL~~ pyridine U'U~'U~'Jn11W'ULLUU'!lel-:rhu~tl1 (single vacancy graphene, SDG) ~L~el111'1t1 
1~VI~'Vl11'U~-ifu 4 "l!iJW~ Ael LL'V'Imm~mJ (Pd), LL'V'I~Vit!ll (Pt), 'Vlel-:JR1 (Au) LL~~L~'U(Ag) ~-:JG'11ll11mLU'I 
m1Pi m<J1elmwuu 2 ci1ul11'1 wi'u vi'-:rd 

4.1 m1Pin~1~'U~'J m1:Wu LL uu'llm11-:JL~ti'J~L~ell11'1tlel~~elll 1~VI~'Vl11'U~-ifu 

4.2 f11 1 Pi fl~1~'U~JJ fl11W 'U LL uu'll el-:Jl1-:J L~ ti'J~ L ~ el 111'1 tlflcillel~ ~ell! L ~VI~'Vl11'U~-if'U 
' 

4.1 m1fln~1~'U~'dm1Yl'ULLuu"!iv-:J11-:Jb~~nvh~el~1Uv::VIvllL~'VI::'VI11'U~Hiu 
m1~n~1~'U~1 m1w'ULL uu'llm-h:J L~ti'J~L~vl11'1tle.J~~e.Jll 1~VI~'Vl11'Uiioii'u 4 "l!UW~ 111i'LLn LL'V'Imm~tlll 

LL'V'I~Vit!ll 'Vlenf'11 LL~~L~'U LLU'Iemmuu 2 ci1ul11'1t1n'U vi'-:Jd 

4.1.1 m1Pifl~1rl1'V'I~-:J-:J1'Ufl11VW~LVIticn (Binding Energy, Eb) 

4.1.2 f111Pifl~1rl1'V'I~'I-:J1'Ufl11~W~oii'u (Adsorption Energy, Eads) 'tlV-:JG'111B'U'VI~V1~LVItl 

4.1.1 n11An~1~1'W6l'-:J-:J1'Uf111V~H'VI~U1 (Binding Energy, Eb) 

1 'U fl11 Pi fl~1 rl1'V'I~-:J,:) 1'U fl11 v WI b 'VIti ti'J1~VIl1-:Jel~ ~ell! L~VI~'V111'U~-if'U nu~'U~'J fl11W'ULL uu'liv'll1'1 L~ ti'J 

LW~tlfl11L~vv~~vllL~VI~'VI11'U~-ifu 4 "lliJW~ 111i'LLn LL'V'Imm~tlll LL'V'I~Vit!ll 'VIv'IR1 LL~~L~'U~-:JU'U~'U~1m1:Wu 
LL uu'lle~.:~i1-:J L~ m LW~ CJ n11 R1'U1 ru'VI1.:~ Lfliirn v'U I'll! LL~1vhm1t1-ru Lf\1 -:JG'1~1'1~ LG'1 ~ CJ1'tlel-:J~'U~1 m1W'ULL uu 

'!lv.:Jl1.:JL~ti'J 11ll hJ~.:Jel~~BlJVI~eJ fl~lle:J~~vll'tlv.:J 1~VI~'VI11'U~-if'U LW~tl 1.01~L UCJuifi Density Functional 

Theory (OFT) 11i'1t1~.:Jn-ifum1tl1~ll1ruf11LLUU~1 1tl (GGA) "llUWI PW91 LU~G'1L"ll'V1Av DNP R1'U'JruLW~CJ 1-ff 

1tl1LLfl1ll Dmol3 1'U"llW~Ltl1LLmll Materials Studio 5.5 VI~-:J~1n111Tifl1.:JG'1~1-:J~LG'1~CJ1'tlel-:J~'U~'Jm1W'ULLUU , 

'1iv'll1'1L~ ti'J LL~'Jvl1 fl11 R1'U'J rurJ1'V'16l''I-:J1'U 1 'U fl1';j VWI LVI~ ti'J ( Eb) 1~VIl1-:J L~VI~'VI11'U~-if'U'~~.:J~"l!UW! nu~'U~'J fl 
11wu LL uu'liv.:~'l1.:~ L~ CJ'J \ll mYu~.:~~ n~1Lfl1-:JG'1~1.:~~ LG'1 ~ m LL~~'V'I"'-:J-:Jl'U 1 'Ufl11 VW~ L 'VIUCJT;i~VIl1-:Je.J ~~e.Jll 1~VI~ 
'VI11'U~-if'UnU~'U~'J fl11W'ULL UU'lie:J-:Jl1-:J L~t:n vl.:JLLG'1Wl-:J 1 'UV1111-II~ 4.1 11ll 1 tl/;1-:J L mCJUL VitJUrl1'V'I"'-:J.:J1'Ufl11VWI 

L VI~CJ'J1~VIl1-:J~'U~'J fl11W'U LL uu'lie:J-:Jll-:J L~ CJ'J nu L~VI~'VI11'U~-if'U 
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"inm.mnT'J~n~lV'I'I.J'll Fi1w~.:~-nu 1 '1..1 rn~~~ b Vltit11~~vd1-:~v~ (;le:JlJ 1~VI~Vl~l'W~"l1''Wbb~~~"llil~~b ~B'U'W 
~'W~1m1Yl'Wbb'U'U'liv-:~11-:~L~tJ1 JJRl~.:Jbb~ -1.98 eV ~.:~ -6.85 eV 1~tJb~VI~Vl~l'W~i'Wffi~Filw"'-:~.:~1'W1'Wm~ 
~~ b VltitJ1'U'l.J~'l.J~1m1 Yl'W bb 'U'U'lieNl1-:IL~ tl1l.J1 n~?t~fi Btl~(;} B:Ubb YI~VhJlJ ~.:!JJRTVl"'-:1.:!1'1..1 1 'Wfll~ ~I'! b Vltitl1 • 
b Yhn'U -6.85 eV 'Wvm:nm!'Wbbfl1V.:J'W'Ul1R1'W"'.:J.:J1'l.J 1 'l.Jfll~~l'lb VltitJ1~~VIl1-:J b~VI~'VI~1'W~i'l.Jn'U~'l.J~1fl 
~1YJ'l.JLb 'U'U'!iV.:Jl1.:1 L~tl1~-:IVI:IJ~JJR1:1Jln n-J1 1 eV ~.:I bbft~-:1 1 '\XL ~'l.Jlle:J~(;Ie:JlJ b~VI~Vl~1'W~i'W~.:J~'Ilil~?t1:U1~ fl 
Vl'l~'U 1~~'U'W~'W~1m1Yl'Wbb 'U'U'liv-:~11.:~ b~ tJ1 b tiv.:~"il1 nri1YI"'.:~-:~1'l.JVI'lb VIti tJ1~1~JJFi1v t1 '1 'U'1i1.:~ m~ ~~"li'uvn.:~ , , 
bfllJ ~.:Jt:m 1 m~VI~'V1~1'W~i'W b Vl~l.Q'JJ~ntJm'W~"il~ 1-ffL tJ'W b~VI~i:11V1'!'U b ~B~\I'U'l.J~'l.J~'".ln~1Yl'l.Jbb 'U'U'liv.:!l1\l 

b~tl1 b ~B 1 '\X?t1~ VOCs lJ1 bfll~'U'l.J b~VI~Vl~l'W~i'W~\I~"Ilil~d 

I I Q 

bb'U'U'!!B\111\Ibl'ltl1 

Pd ~- -5.45 1.951 

Pt -6.85 1.957 

Au -2.33 2.093 

Ag -1.98 2.270 

"il1n\ii1~1-:JiJ1 4.1 L~BYl"ill~rul~~tJ~1.h:J~~VIll.:JB~I'lB:U"UB\Ib~VI~'VI~l'W~i'W~.:J~"IlilW~d tl'U 

~'Wtbm1Yl'Wbb'U'U'liv-:~11-:~b~tJ1 YI'Ul1Rl~~tJ~,..;1.:~~-:m~11lJFi1vtJL'W'li1\l 1.957 - 2.270 A ~.:J 
" 

Fiv'Wo01.:~ 1nfln'U~'W~1 mlYl'WLL 'U'U'liv-:~11-:~L~tJ1 ~.:~~.:~t:-m 1 1XeY'l.J(;I~n~m1~VI11\IbrJVI~Vl11'W~"lY'Wnu~''W~1m1Yl'W 
bb 'U'U'liv\lll-:1 b ~ tJ1lJRllJ1n ,j''WfivV'I"' .:~.:~1 'W fl~ b VIti tld"UB-:1 brJVI~ Vl"Jl'W~i'WJJRlft.:J,r'W bB-:1 

" 
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1 'U~1oUB~~TU:Wl1~~mn LF11'1?1~l'I~L?tfim LLfl :::'W~'I'Il'U 1 um1fj~ L'Vl~m1:::vr;l1-:~v:::lflv:W 1m.lf:::VI1l'U"8 

iun'U~'U~b m1~u LL 'U'U-dv-:~11-:~ L~tn 'W'Ullv::: lflv:w Lf1'Vl:::'VI11'U'Biu~-:~~'llii~?t1:Wl'H1 fj~~'U 1~~'\Ju~u~b n 

11~'ULL 'U'U-dv~l1'1L~tl1 1:bu 1 'U~1oUvd1~vh n11~m~n Ll'l1'16'1~1'1~L?IfitJ1LLflt'W~~~1'U 1 'U nl1~Wll'U6'111 VOCs 
" 

(Eads) 'U'U Lf1'Vl:::'VI11'U6BoU'U~L ~v'U'U~'U~'J m l~'U LL 'U'U-dv~l1'1 L~tld L~tJiiJ::: LLtJ nvhn1fJ.Jlnl111'1~1"tlv'IL:WLfl ~" 
G'l11 vocs vvmtlu 2 LL'U'U fiv 1:wLf1f1fl"tlv'IG'I11 vocs 11'1<tJ'l.n'Un'U1:::'U1'U~'U~'ln11~h.JLL'U'U-dv-:~11-:~L~tJ1 

' 
LLfl::: L:WLflf1fl"tlv'IG'I11 VOCs 11~~~\Jl nnm:::'Ul'U"tlv~~'U~:hml~'ULL 'U'U-dv'll1'1L~tl1 L Ylv 1 'IX Fl1v'UFlfl:W~ f)'l'JfJ.J::: . ' 
f111~~i'U~LtJ'U hJ1~~~LLG'I~'I1 'U '.i'lJvi 4.1-4.2 

" " 

·~p'i..",·), 
-~.,,;~"--...... ¢,)-._ 

" ~ 

1!\c~f .. 
~ 

A 

L~ tJ nl1 Fl1'U'JfJ.J'VI1'1 LFl:ilFJTeJ'U ~:W'Vh nl'JiJ~'U Ll'l1 'IG'I~1'1~ LG'I fi tl1"tlv'I~'U~1 L th'Vl:Wl tJ L~ tJ 1-ff"J::: L ;j tJ'U!J~ 

Density Functional Theory ~1ti'Yi~nium1'\J1::::W1fJ.JR1LL'U'U~11iJ (GGA) 'llU~ PW91 L'U~G'IL"I!'VIAB DNP 

Fl1'U'JfJ.J L~tl 1m 't11LLm:w Dmol
3

1 'U'll~ 1 't11 LLm:w Materials Studio 5.5 L~v 1mm-:~G'I~1'1~LG'Ifitl1<tJB'IL:WLflf1fl 
' ' 

L D1'Vl:W1mL~1'Yllm'.il"il'U1ruril'W~'I-:nu 1 'Unl1~~i'UG'Il1 VOCs 'U'Uv:::lflv:W Lf1'Vl:::'VI11'U'Biu~nm ~B'U'U~u~:hn 
" " 

11~'ULL'U'U-dv'll1'1L~tl1 ~'lLLG'I~'I1'Uifl1'.i1~~ 4.2-4.5 
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VOCs 
(eV) 

benzene -1.15 

furan -0.95 

pyrrole -1.14 

pyridine -1.78 

thiophene 
-1.17 
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VOCs 
(eV) 

benzene -1.40 

-
furan 

,:c -0.94 

A 

pyrrole * -1.14 

A 

pyridine 
c~ 

A 
-1.78 

e-f-c 
thiophene A -1.23 
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I I q 

bb 'U'U"l!B\111\Ib\Yltld 

VOCs 
Eads 

(eV) 

benzene -1.54 

a; 

furan -1.47 

pyrrole -1.80 

pyridine -2.23 

• -
thiophene 

-2.06 
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VOCs 
(eV) 

benzene -1.51 

furan -1.34 

pyrrole 1£ -1.61 

• . 
.. 

(.~ 

pyridine ~ -2.09 

• 

thiophene -1.50 

• 
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'U'U~'Ucbm1~'ULL'U'U'llv-:rh:JL~miJrhm:l1u'll1.:t -0.94 ev ().:~ -2.23 eV Ll'ltJ~1~ vocs ~1l.l1~rll'll'liuu'U 
~ ~ 

v:::l'lvl.lvteJ.:trh 1~~~~1'! ~v.:t~.:tl.l1~veJ:::I'Ivl.IL1'U LL'V'l~Viul.l LL~:::LL 'V'lmm~tJl.l~ r~m~v'U'U~'U~ .. Jn~1W'ULL'U'U 
' ~ 

'll-v.:~11.:tb~tl11'11l.lrA'117i'U 1'11~1.:~~ 4.2 - 4.5 Lb?ll'l.:tn1~11ll'l.a'u?l1~ vocs i.:~~1"lj'UI'l'U'U~'U~1n'n~'U~L~v~1tl 
~ 

v:::l'leJl.IL~vt:::vt~1'U~oil'ULLvi~:::"l!'iJI'l ~1l.l1 '\.JG.:tFl1'V'l~.:t.:t1'U 1 'Un1~1'll'li'U~1~ vocs uvi~~"I!UI'l~1tl t:.~~m~Pim~n 
~ 

'V'l'Ul1eJ'UI'I~fl~tl1n1~11ll'l.a''U~~1AruiJ 2 "I!UI'l 1~bbrl X-lnteraction (X-Int) bb(;l~ (-Interaction (C-Int) 
~ "' 

Ll'ltl X-lnt bV'UeJ'UI'\1fl~tl1m~l'll'l.a''U~bfll'l~'U~:::vt11.:t heteroatom "lJB.:t~1';1 VOCs ti'u1~vt~vt~1'U~oil'U ~~ 
~ 

eJ'\.JI'I';jfl~tl1m~~l'li'U'd''OJ:::Lnl'l~'UL~mnl'lm';j~l'l.a'u~:::wj1.:~ pyridine Lb~~ thiophen ti'u 1~vt~vt~1'U~i'U~ 
r~m ~B'U'U~'U~1 m1W'UbL uu'll-v.:~i1.:t L~ tl1 L ~B.:t'OJ1 n heteroatom 'OJ~ L Yil.lfl11l.IVI'U1 LL U'U"llv.:t~h~ nl'l';jv'\.J 1 'U 
~ 

1.:tv::: 1 ~l.l1~n~.:t~.:tt:.J~Fl1'V'l~.:t.:t1'\.Jn1';jl'll'li'UL ~l.l~'U ~1'UB'UI'I~fl~tl1m';jl'll'l.a''U LL'U'U c -lnt 'OJ~bfll'l~'U';j~Vfi1.:t 
~ v 

v:::l?leJl.lfiT1u-v'U"llv.:t~1';j vocs ntJ ti'u 1~vt:::vt~1'U~i'U ~.:~aumf\~ mm ';jl'll'liu-d'OJ::: Lfll'l~'ULrimnl'lm~l'll'litJ 
v v 

';j::;Vfl1'1 benzene, pyrrole bb~::: furan ti'u 1~vt:::vt11'U~i'U~~m~B'U'U~'U~1m1W'Ubb'U'U'llv.:tl1'1L~tl1 ~~t:.J~ 
m';jf.in~1m~J'U~vl'lfliK-v~ti'um';jf.imn"lJv.:t Hussain bb~:::flru::: 15 ~'V'l'Ul1eJ'UI?l';jfl~ti11'Um~l'll'liu ~b~~CJ';j 

~ 

"llv'l thiophene bb~~ pyridine 'U'Un~l.lv:::(;lvl.l"lJB.:t titanium (Ti60 8(0H)8) ~b~-vtil1tlv:::l?lvl.l"lJB.:tL~'U (Ag) 

'OJ:::bnl'l~:::vt11.:t heteroatom ti'u1~vt:::vt11'U~oU'U ~1'U1'Umru"llv.:t napthalene bL~~ benzofuran eJ'Um 

n~tn1 'Um~l'll'liu~ b~Gm'OJ::: Lfl\1l';j:::vt11.:t';j:::wi 1.:~ A1~'Uv'U LL~::: 1~vt:::vt';j1'U~i'U 11'lt~~1l.J1';jrJ~'U~'Ut:.~~ m';jf.in~1 
~ 

Ll'ltiH'A11l.IVI'U1LbU'UBb~nmv'U1'ULbvi~~';j:;i)u'V'l~.:t.:t1'U (Partial density of states PDOS) "lJB.:tn1';jl'll'litJ 
' v 

~1~ VOCs 'U'U~'U~1m1W'Ubb'U'U'llv.:ti1.:tb~t.J1~L~v~1tlv:::(;lvl.JL~vt~VI';j1'U~i'UI7i.:tbb~l'l.:t1'U ";i'\.)vj 4.3 ~.:t'OJ~ .. 
Lb~l'l.:t1~b,:;'Ul1 d vv~iJVi'~"lJv.:t1~vt:::vt~1'U6BoU'Ui?ll:IJ1';jrJ-i!v'Ubvt~vl.l (Overlap) ti'u s bb~~ p -v-v~iJVi'~"lJv.:t 

heteroatom "llv.:t~1';j VOCs 1umru"lJv.:t pyridine Lb~::: thiophene ~1'\.Jmru"llm benzene, pyrrole 

LL~::: furan 'OJ:::L,:;'Ul1 d vv~iJVi'~"lJv.:tl~vt:::vt11'U~"il'U?I1l.l11rl-ifv'ULVI~vl.l (Overlap) ti'u s bb~~ p -v-v~iJVI~ 

"llv'l carbon atom "llv.:t~11 VOCs 1~mh'loUI'lb'OJ'U~'ILbvi';j:::l7iu'V'l~.:t'l1'U -20.00 ().:~ -2.50 eV ~';j:::ilu'V'l~'l'l1'U 

~1nl1';j~l7i'UbWv~iJ (Fermi level)Lb~::: 'V'l'Ul1 van der waal (vdW) bV'UeJ'UI?11fl~tJ1~~1AqJ1'Um';jbfll'l~'Uli~ 
u • 

';j::;vt11~W'U~1~1~1'li'Ubb~:::~1~n~l'li'U U'U~v bb 1.:tbb1'ULI'lv~11~~ (vdW) :v:::b Yil.IFJTW~'l'l1tJn111'll'li'U 1li 
u • ~ "' .., 

~~"lJ'U'U'Ub~N 

bb~:::L~BW'OJ11ru1Fl1BL~nl Vl1b'Un1~1~ (Electronegativity, EN) :v:;L,:;'Ul1'Yiv.:tfi'1iJFJ1 EN .yj~'ln11 v 

v:::l?le:ll.l"lJv'lb~'U bb'V'l&'lbm~tJ:U bb~~bL'V'l~Viul.l (Au = 2.54, Pt = 2.28, Pd = 2.20 bb~~ Ag = 1.93) 

~'lvh 1 1Xv:::l'le:Jl.l"llv'lvtv'lfi'1iJfl11l.l?I1:1J1~ r~1 'Uf111.:ru8 b~ n(;l1v'U:V1n~11B'Uvt1V1~ b Vlt1~1t11~~.yj~l'lVi11li~'U~'J 
.c;:f ~ v "' 'I 

vtL:Vvl'l1t:m:::l?lvl.l'Yiv.:tfi'Tu~1l.l11rl~l'liu ~11B'U'YI~v1::: L vtt1~1v 1~~~~1'! 
' 



.. 

-> 
~ 

= 0 
~ ...... 
CJ 
~ -~ 
~ 

f'-1 
Q,) ...... 
= ...... 

rJ.J 
~ 
0 

0 ·-f'-1 

= ~ 

Q -d ·-...... ~ 
d 
~ 
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Thiophene 
1.0 --Au ;Horn (5J orbitals) 

-- S atom (2s orbitals) 

0.5 

0.0 
Foran 

1.0 --C atom (2s orbitals) 
--C atom (2s orbitals) 

0.5 

0.0 

1.0 

0.5 

0.0 L----LL..l.........bi.........C.~~---~~---=:.IL...llto-.llo-_5..___. 
-25 -20 -15 -10 -5 0 

Energy (eV) 

-;iUvj 4.3 fi11:1JVI'W1LL'll'U~lL~fli'I"W'W (Density of states, DOS) 1 'WLL~a~1~~'UYlfi'.:J.:J1'W 'U 

... 0 0 

<i!ua11 VOCs 'U'W'W'Uc:i'J n·nYJ'ULL 'U'U'liv'l·;h.:J L~tJ'J'YiL~tWl'J tlel:::\'IB:IJ'VIB·:II•h 

L~B'l'l1flB~\'IB:IJ1'W1\'IWiJ'W'IJB'l pyridine :iJ~h~nmu'Wf111'll'lL~tld (lone pair electron) vtav1'W sp2 orbital 
'IJ 'IJ 

~Yl~B:IJ'l:::Lnl'lW'Wl)~Lflffi~':i'JI'lL 11n'i1 thiophene LL~~ furan LL~:::I;'l1L VI \'I~ pyridine flfll'll'l~'U 1~~n'i1 
' 'IJ 'IJ 

pyrrole L W'n::: B~\'IB:IJ 1'WL\'I':ib'l'W 1 'W'J'l pyrrole :iJ~L~fl\'11B'Wfl':i'U\'11:1Jfl{IBBflLI'l'VI (Octet rule) LLI'iB:::\'IB:IJ 



• 

lu11'l~bv'l.!hr.J.:J pyridine in)b~nl'l~B'l.!b~tJ.:JbbA 
d 
'VI 4.4 
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d 'l " " ~ti'VI 4.4 bfl~.:J?l~1.:J'UB.:J pyridine ('ll1tJ) bbl;l~ pyrrole ('lll1) 

1u1mbv'l.!B~I'lB:U<tJB'I pyridine ii hybridization bbUU sp
2 bfll1lv1nm~~ N .111Bb~nl'l~v'l.!1'l.! 2s 

orbitals bbl;l~ 2p orbitals :U1t·J?l:UO'l.!bfll1lbU'l.! sp
2 

orbitals bbi;l~EJ'Iii p orbital Vi11-:JmJ ~.:J~1'1v1n 
'IJ 

1u11'l~bv'l.!B~I'lB:U'll8'1 pyrrole ~ii hybridization bbUU sp
3 bfll1ll\l1nm~~ N .111~lb~nl1l~B'l.!1'l.! 2s orbitals 

bbl;l~ 2p orbitals :U1e.J?l:Utl'l.!bfll1lbU'l.! sp
3 

orbitals ~.:J~tl 4.5 
" 

sp2 hybridization of nitrogen 

rn p orbital 

promotion of electrons 
[ll][l]ITJ 
sp2 hybrid 01·bitals 

Is 

sp3 hybridization of nitrogen 

[ll][l][l]ITJ 
L_~ 

promotion of electrons 

sp3 hybrid orbitals 
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l~V&'11l.ITHl£}uv'Ut:J~ lm.1 H'rn1l.I'WU1LLti'U€Jb~fWl'';iv'U 1utLI'i~~'J~~'U'W~.:J·n'U (Partial density of states, 

PDOS) 'IJB.:Jm'J~~iuG'I11 vocs U'U~'U~'"Jn11~'ULL uu'liv.:Jl1-:J L~tn~b ~a~1 t.JB~V~Bl.l l~VI~'V111'U"Ili'U~.:J LLG'I~ .:J 
'U 

1 'U";iU~ 4.6 ~-!!'<il~LLG'I~.:J1'!Xt~'U':h d aaiDVi'~'IJv\IL~VI~'V111'U"Ili'U~-!! 4 'IJU~&'I11111f.l.nv'UbVI~vl.l (Overlap) .. 
nu s Lb~~ p vvi1JVJ'~'IJB-!!G'I11 VOCs 1~mh.:JiW~L'<il'U~\ILL~'J~~U'W~-!I-!!1'U -20.00 fi.:J -2.50 eV vh~~U 

'W~.:J-!11'U~1ni11~~ub'V'lviii (Fermi level) 

1.2 --Au atom (5d orbitals) 
--N atom (2s orbitals) 

0.8 --N atom (2p orbitals) 

0.4 

. . 
.:, 

0.0 I--.L..---&tl!U-..J.I...u.-.~~o.:::..~~-.:...J/......:3:ao--1~ 
1.2 

0.8 

0.4 

~ Ag atom (4d orbitals) . . . 
¥ 

0.0 1---.L....---I!TIIl.--t-L.u,__..u.::...~~~~~~---1.~ 
1.2 

0.8 

0.4 

0.0 1---L--...L...JI.I'f-'--lc:W::....tL&l~ll..0="'--~~-¥-~--'---1 
1.2 

0.8 

0.4 

-25 -20 -15 -10 -5 

Energy (eV) 

I 

I 

I 

0 5 

";iU~ 4.6 fl11l.IVI'U1LLti'U€Jb~nV11B'U (Density of states, DOS) 1 'UbL~a~'J~~U'W~-!!-!!1'U'IJB-!In11Wl~iUG'I11 
.. 'U 

VOCs U'U~'U~1m1Vl'Ubb uu'limi1-:JL~ t.J1~ L ~B~1t.JB~V~Bl.l l~VI~'V111'U"Ili'U 
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• :v 1 n 

m'JF! fl't;1'W"'\I·n'Un1'JV ~ L V!titJ'J'J ~VrJ 1\IB~ 1'1 B:J.J b~V!~ 'Vl'J1'U~i'U tlU~'U~'J m1:W'U LL UU'!iv.:Jl1\l L~tJ'J LL~~ 
* n1'JF!n't;1riTI·'I"'\I\11'Un1'J~~sB'u ?11'J VOCs U'U~'U~'J m1VJ'U LL UU"!iv.:Jl1\l L~ CJ'J~ L :Svr;\''J tJB~vlV:J.J bG'IV!~'Vl'J1'U~ 

.. 

'U 

i'UvY.:J~"'!iJ~'WU11 1~VI~'Vl'J1'U~i'U?I1:J.J1'Jt1 VI'!Lm~ 1r;l~u'U~'Ucb m1 :W'U LL uu"!iv.:Jl1\IL~m ~.:~t!'U~'U~hLI'l1 v:w 

1r;\'~.:~iif"l'J1:J.JL V!:J.J1~?1:J.JG11V!-ru 1 iLiJ'U~'JI'!I'lsB'U?I1'J VOCs 'Uvfl:V1ni!'ULL~'J'WUl1 ~'J~~oifu~ Ll'l1t.J:J.J 1r;\'?11:J.J1'Jtl~~ 
" " " 

oifU?I1'J VOCs 1~~an~'JtJ LL~B~1'11 'Jfll'll:J.J 1'Ufl'J1:J.JLU'U:V~\ILL~'Jn1'JL:5v bG'!V!~ 1~'")~\IU'U~'U~'Jn11W'UbLUU 
"!iv.:Jl1\lb~tJ'J,!'U bG'IV!~:V~ Lm~n'UL tJ'Umi:w (cluster) b ~B 1 ~?11:J.J1'Jmm~~l'lnU~'U~'Jm1W'ULL uu-dv.:Jl1\l b~tJ'J 

' 

B~!Plv:J.J'ti'U1~ 4 B~!PlB:J.J'tJB\Ib~V!~'Vl'J1'U~i'UU'U~'U~bm1W'ULL UU"!iB.:Jl1\IL~CJ'J 1~ L ~Vb tntJUb Vit.JUrl1'W"'\I\11'U 

m1 VI'IL V!timLL~~'W"''~'~1'U m1 1'11'1-ifu~ L?JiJm LL~~ L V!:J.J1~?J:w~"'~ 11'lv:v~ LL tJ.:~m'JFin'l;1vvm tJ'U 2 ~1'Ur;\'1 vn'U 
" ' 

cf I CLI c:f _,J • • 
4.2.1 n1'Jf'lm~nfl1'W~\I\11'Un1'Jt.JI'll'II!'Utn (Btndtng Energy, Eb) 

4.2.2 n1'JF!n't;1ri1'W"'\I\11'Un1'J~I'l-B'U (Adsorption Energy, Eads) 'tiB\1?11'JB'U'V116'J~LV!CJ 

~1CJ 

g . cv ..:::1 d 
4.2.1 n1~1"1fl'tt1fl1W".:J.:J1'Un1~CJ~LV!'UV1 (Binding Energy, Eb) 

1 'Un1'JFin't;1ri1'W"''~'~1'U 011 vl'l L Vl~tn'J~VI11.:~ mi:w 1G'IVI~'Vl'J1'U~i'Linu~'U~1m1w'ULL uu 
' 

"!iv.:Jl1\lb~tld bl'lt.JflT'H~Bn~:J.JB~I'lB:J.Jb~V!~'Vl'JTU~i'U 4 "'!UI'l 1r;)LLrl Lb'W~Lm~tJ:J.J LL'W~Vi'\T:w 'V1B-:Jfi1 bb~~b~'U 
~-:JU'U~'U~·;m'J1W'ULbUU"!iv.:Jl1\ILb?l~\l~\l~tJ~ 4. 7bl'ltJfl~:J.JB~I'lB:J.J b~V!~'Vl'J1'U~i'U 4 v~l'lv:J.Jffifl'J-:J?I{1.:J~ 
b?ltltJ'JB~ 2 LLUU 1r;lun LLUU"'!U~ A ii"'n't;ru~fl~1tJtlU'Vl'J\I~Vf'li'1 (Tetrahedral) bb~~ LbU'U"'!U~ 8 ii"'n1;ru~ 

V CLI,J d V d cf 

RmtJnU?IbV!~t.J:J.JbLUU':i1U (Square planar) LL?II'l\11'1\1 ~tl'VI 4.8 f'ln't;1bl'ltJn1'Jfl1'U'JUJ'V11\ILf'liif"l'Jv'U~:J.J 
" 

vl1n11tJ-ru bfl'J.:J?I{1.:J~L?ItltJ'J'tiB\I~'U~'JLU1V!:J.J1tJ bl'ltJ 1 ii1~L UtJui5 Density Function Theory ~'JtJW.:Jrl"li''U 
n11U'J~:J.J1ruri1LLUUvf11tl (GGA) "'!UI'l PW91 bU~?IL"'!'VlRB DNP fl1'U'Jrubl'lt.J1-&1tl'JLLO'J:J.J Dmol3 1'U"'ll'l , 
1 U'JLLn'J:J.J Materials 5 tud io 5.5 Lrlv 11'i1fl'J.:J?I{1.:J~ b?ltltJ'J'tiB-:J~'U~hL U1V!:J.J1 mL~'Jvl1n1'Jfl1'U'Jruri1w"'.:J.:Jl'U 
1 'Un11VI'l L V!tit.J'J'J~VI11.:~1~VI~'Vl'J1'U~i'Unu~'U~'J n ·nw'U LL uu-dm11-:~ L~ m :v1 mT'Uvi'1 m'J F!n't;11R'J.:Ja{1 .:~~ 
L?ltltJ'JLL~~'V'I"'\I\11'U 1 'Un1':iV~L V!titJ"J'J~V!l1.:Jn~:J.JB~ l'lv:J.J b~V!~'Vl'J1'U~i'UnU~'U~bm1W'ULL u u"!iv.:Jl1\IL~tJ'J~-:J 
LL?II'l-:1 1 'U!Pl1~1.:Jvl 4.6 



.... 
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<;i\.1~ 4.7 nT~b;ije:Jn~:UB~I?IB:U'ti'U1VI 4 B~I?IB:U'!Jv.:!L~Vl~'Vl~1'U61Joff'U'U'U~'U~1n11Yl'ULL'U'U~B·:rh:~L~V1 "llUVI A , 
ffifl~.:J?t1\:muu tetrahedral (i1V) Lb~~"!lUVI B ffim.:J?I~1.:JLL'U'U square planar 

~\J~ 4.8Lm.:J?1~1.:J'tlv.:Jn~:uv~I?IB:U1~Vl::;'V1~1'U61J-ilu'ti'U1VI 4 B~I?IB:U "!lUVI A ffim.:J?I~1.:JLL'U'U tetrahedral 

(i1V) Lb~~"!lUVI B ffim.:J?I~1.:JLL'U'U square planar 

'ii11nt-~~m~~n'l'l1WU';h A1Wil.:J.:J1'U 1 um~ VV~ L Vl~V1'!JB.:J n~:uv~I?IB:U 1~Vl~ 'Vl~1u"BiuLL~~~"!lUV~'U'U 
' 

~'U~1n11Yl'Ubb'U'U'Iiv.:Ji1.:JL~V1:i1A1~.:JLL~ -2.55 eV ~.:J -7.83 eV ~.:Jn~:UB~I?IB:U'ti'U1VI~B~I?IB:U'!JB.:JL~Vl~ 
' 

'Vl'nu"Biuvi'l -Hfi1wi!.:J.:J1'U 1 um~ VV~ L V1~muum1Yl'U LL uu~ v.:Ji1.:J L~V1:1.nn~?IVIAB n~:um:l?lv:U'tlv.:JLLW~vh!:u ' . 
"!lUV~ A ~.:J:i1A1Wil.:J.:J1'U1 'Un1~VV~~'UL'Vhnu -7.83 eV 'Uvn'iil1n1T'UV.:JW'Ui1Wil.:J.:J1'U1'Um~VVIL'VI~V1'~::Vli1.:J 
n~:uv~I?IB:U 1~Vf::;'Vl~1'U"B-i!unu~'U~1m1Yl'ULL uu'liv.:Ji 1-:J L~ m~.:J'VI:UV~:i11"11:w1 nni1 1 eV LL?IV~.:J 1-HL -Hui1n~:u • • 
v:: ~m:u 1~'VI~'Vl~1 u"Biu~.:J~"!lu V~?l1:w1 ~ 1:1 v VI ~u 1~~'U'U~'U ~1m 1Yl'U LL uu'liv.:Ji 1.:J L~ v1 L ~ v .:J 'iil1 n 1"11w"'.:J.:J1'U VV~ 
b 'VI~V1lJA1BV "!. 'U'!i1.:J'tle:J.:Jn1~VIVI.ij''U'Vl1.:J Lfl:i1 ~.:JC-1~ b mrl'Vl::;'Vl~1'U61J-i!'UL 'VI~TQiifl11:UL?f()V'l'U'U~'U~1 nJ1~'ULL 'U'U " , 
'liv.:Ji1.:JL~m~.:J:i1~nv.n1W~'iil~ 1 -ifL uu l~'VI~r.=hwru L ~B~.:J'U'U~'U~1m1~'ULL uu'liv.:Ji1.:JL~V1 L ~B 1-H?t11 vocs 

:U1Lm~uu1~'VI~'Vl~1'U"Biu~.:J~"!luV~il ~.:JJ'U 1 'U.:J1'Ui~ vd~.:J L~ an:u1 LUW1~ Lfl~.:J?I~1.:J~:i1fl11:UL?t() v~~?IVI'tiB.:J 
• 

LL~~::; 1~Vl::'Vl~1'U~i'U ~1'VI-rum~VVIL 'VI~V1'U'UnJ1Yl'ULL uu'!ia.:Ji1.:Jb~V1 (LL W~ Lm~V:U"!lUVI A, LLW~~U:U"!lUVI 
A,'Vlf.l.:Jrl1"!1UVI B, Lb~::b~'U"!lUVI B) 
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~1-a1~vl 4.6 1m'l?t~1'l~~"~'W~'l·nu 1um1fivu ,.,ti81 ( Eb) 1~,.,-;h-:Jn~:JJB~I'le:J:JJLfl,.,~m1'W"Il-B'u 4 B~l'le:J:J.Jnu 

~'IJ~'"Jfl11Yl'IJ~~ 'U'U"!ie:J'll1'l~~tiJ 

- X -5.82 

-7.83 

• 

-3.24 

• 

x __ _ -2.55 

- -4.89 



-.. 
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IJI1':i1.:J~ 4.61fl':i-16'1'hmn~ow~.:J-nulum';iV111LV!~tJ'J (Eb) ';i~'VIl1.:Jn~lltl~l'lvll1nVI~'VI';i1'U~oU'U 4 fl~~PltllltltJ 

~'U~'Jm1Vl'ULLtJtJ-dv.:Jl1.:JL~tll (~tl) 

-5.30 

• 

-3.41 

= 

-3.17 

.. 



.... 
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1 'U~1eUB~~TUll11~fim·n 1m .:Ji.'1~1.:J~L?lfitJ~LL~::;'I'II~.:~nu 1 'Ufll~VVI L V1tiv1 ~::;w:h.:~ milJB::;VJmJ L~Vf::; 
' 

'Vl~1u<aiu n'U~'U~'J m1Vl'U LL 'U'U"liB.:Ji1.:J L~ CJ'J'I'II'Ui 1 n ~lJ B::; VJ m.1 l~'VI::;'Vl~ 1'U<ai'U~.:J~"lliJ(?J !.'11m~~ v (?1~'\.J 1~~'\.J'U 
' 

~'U~1m1Yl'ULL 'U'IJ"liB.:~i1.:JL~tJ1 ci'"J'U 1 'U~'"JsUBffi~vhm~Pirrtn Lfl~.:Ji.'1~1.:J~Li.'1fiv~ LL~::;w~.:J.:J1'U 1 'Ufl1~(?1VI.a''Ui.'11~ 
\1 

VOCs (Eads) '\J'U L~Vf::;'V1~1'U<aiu~~m ~B'U'U~'U~'"Jn'nW'ULL 'U'U"liB'l i1.:1 L~CJ'"J LVICJ.:J1'U1~vd\J::; LLCJ n~\11'H\J1fl1~ 
11-:J~'"J'!rn.:~lllL~n~?l1~ vocs BBmtlu 2 LL'U'U fiB L'VIlJVl A LlJL~n~"!..B.:Ji.'111 vocs "!.l'U1'Un'\J1::;'U1'\J~'U~1n 

' ' 

11W'ULL'U'U"liB.:~i1.:~L~CJd LVltJ 1i1::;Lijv'U15 Density Functional Theory ~1tJV1.:~ni'Um1'th::;lJ1rul'l1LL'U'\J 

vfJ1tl (GGA) "l!iJVI PW91 r1'1'U1WLVltJ1mtl1LLmlJ Dmol
3 

lu"l!VlLtl1LLf11lJ Materials Studio 5.5 LdBtl-r'U 
' 

Ll'l1.:Ji.'1~1.:J~Li.'1ntJ1"!.1B.:J~'U~1 m1Yl'ULL 'U'U"liB.:~i1'1L~tJ1 Luhvhm1r1'1u1 rul'l1w~.:~'I1'U 1 'Ufl1111lVl.a''Ui.'111 vocs 
\1 

'\J'IJB::;VJBlJ L~'VI::;'Vl11'U<ai'U~~n L ~B'\J'U~'U~'J m1W'ULL uu-dew-J1.:~ L~ CJ'J \11 n,!'Uvhm~fi m~n Lfl~.:Ji.'1~1.:J~ L?lfim 
\1 

LL~::;w~'I.:J1'U 1 'Ufl11 (?JVI.a''Ui.'111 vocs 'U'Un~lJB::;VJBll t~'VI::;VJ~ 1'U<ai'Un'U~'U~1 m1Vl'ULL 'U'U"liB.:~i1.:~L~tJ1~'~ 
\1 ' 

• 

• 
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~1':i1.:tvl 4.7 1m.:t?l~1.:tLL~~'V'I"'.:t,nu1'Ufll':il'll'l.a''U?IT'.i VOCs (Eads) 'UtimhJv~l'lv1JLL'V'Imm~mJ~nmiiiv'U'U 
" . " 

~ ' 

-rl'U~1n11~'ULL'U'U"Iiv.:tl1.:JL~EJ1 

VOCs 
Eads 

.. 
(eV) 

benzene -1.43 

furan -1.20 

pyrrole -1.48 

pyridine -2.05 
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VOCs 
Eads 

(eV) 

benzene -1.93 

fur an -1.89 

pyrrole -1.38 

pyridine -2.11 

thiophene 
-2.06 
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IJI1':i1~~ 4.9bf'l".i'IG'I~1'1LLG'I~'I'lfX'I .. n'U 1unT'.i~~sB'U?l1':i VOCs (Eads) U'Un~lJB~I'ltllJVlB'Ifll~~nb~BU'U~'U~'Jn 
".i1W'ULLUU'liv.:~11'1L~tld 

VOCs 
(eV) 

benzene -1.29 

furan -0.76 

pyrrole -1.30 

pyridine -1.87 

thiophene 
-0.69 

... 
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. ... 
I o<::1t, .c::J 4 4 -=to ~1':i1.:J.vj 4.10 1m.:~?l-r1'1LL"'~'W"''I'I1'U1'Un1'~~VIi'U?I1':i VOCs (Eacts) 'U'UmpJB~~tllJL'I'U'Vl~nL~tl'U'U'W'Ul:.J''Jn 

':i1Yl'ULL 'U'U"lieJ-:rh:J L~V'J 

.. · 
VOCs 

(eV) 

benzene -0.92 

furan -1.02 

pyrrole -1.22 
TZ 

pyridine -1.53 -

thiophene 
-0.85 

B~~Bl.JLL 'W"'Yiul.l 1~~~?1V~ ':ieJ·~m.:Jl.l1fiBn~l.leJ~I'leJl.ll.l. Y~mm~vl.l 'VleJ\IA1 I.L"'~I.~'UI'l1l.lci'1~'U ~1nm'W 1 'UI'l1':i1.:J 
' ' 

I t.f t.f I I 

Vi 4. 7 - 4.10 LL?IV~.:Jn1'~1'll'li'U?I1':i VOCs Vl'l~l"ll'iJI'I'U'UoW'UCj'JmlYl'ULI.'U'U"lieJ\Ill'IL~VJYiL~B~'JtJn~l.ltl:::l'leJlJ 
~ ' 



... 
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X-lnteraction (X-Int) Lba:: C-lnteraction (C-Int) 

LIY\tl X-lnt bU'Uel'U~1fl~tl1fl11!Yll'l.a'U~Lnl'l~'U1:-:vrh:~ heteroatom 'lJeJ~i.'l11 VOCs nu1r;rvt:-:'Vl11'U~off'U ~~ 
" 

el'U~1f1~V1n11~1Yl.a'U'Qii'J:::Lf11Yl~'UL~mfi!Yln11~1Yl.a'm::;vrh:~ pyridine LL~::; thiophen nu L~Vl::'Vl11'U~off'U~ 
~m~BU'U~'U~1m1W'ULL uu"liv..:rh:~L~V1 L~B.:J"il1n heteroatom "il:::L ~:1Jfl11:1J'Vl'U1LL U'U'lJB.:JBL~m•t1B'UL 'U 
" 
1-:JB:: L1:1J1~n~.:J~.:J~~rh-w"'~.:J1'Ufl111Yl1Yl.a'uL~:IJ~'U ci1'UeJ'U~ 1fl~V1fl111Yll'liu LLUU C -lnt "il:-:Lfil'l~'U1:-:Vli1~ 

" " 

1::Vll1.:J benzene, pyrrole LL~:: furan nu1~Vl::'Vl11'U~off'U'vl~m~eJU'U~'U~'Jn11:rJ'ULLUU"limi1~L~tl1 
~"~~m1Pimnvtl~~w:!BI'lfl~B.:Jnum1Pim~1'lJB'I Hussain LL~::flru:-: 15 ~-wui1B'U~1n~v11'Um1!Yl!Yliu~ 

" 
Li.'l~tl1'lJB.:J thiophene LL~:-: pyridine U'Un~:weJ::;!neJ:IJ'lJB.:J titanium (Ti60 8(0H)8) ~L~B~1tJB::IneJ:IJ'lJB.:JL~'U 

(As) "il::Lnm::Vli1.:J heteroatom nu L~Vl::'Vl11'U~i'U ~1'U 1 'Uf11W'lJeJ.:) napthaleneLL~:-: benzofuran 

a'Umfi~v11 'Un11!Yl!Yl.a'U~ Li.'l~tl1"il:: Lfll'l1::Vl'J1'1 1::Vl'J 1.:Jfl11u eJ'U LL~:: 1~'11!:: 'Vl11'U~i'U LIY\tli.'I1:1J11~ 
" 

~'UV'U~~m1Pin~n Ll'ltl 1 ifl11:1J'Vl'U1LL U'U~5L~n~1B'U 1 'U LLI'i~:-:1:-:~uow"'.:J.:J1'U (Partial density of states, 

PDOS) 'lJeJ'In111YliYl.a'Ui.'l11 VOCs U'U~'U~1m1W'ULLUU"liv.:Jl1.:JL~tn~L~B~1VB:-:IneJ:IJL~Vl::'Vl11'U~off'U~.:JI.Li.'IIYl'l 
" 

1 'U~tJvJ 4.11 ~.:J"il::I.Li.'IIY\'1 1 ~L i1'Ul1 d BBiDvl~'lJeJ'I L~Vl::'Vl11'U~off'Ui.'ll:IJ11~iB'Ub Vl~eJ:IJ (Overlap) nu s LL~:-: 

p Bvitivi'~'lleJ.:J heteroatom 'llmi.'l11 VOCs 1'Umru'lJB.:J pyridine u~:: thiophene ~1'Umru'lJB.:J 

benzene, pyrrole LL~:: furan liJ::;L i1'Ui1 d Baitivi''fl'lJ'El'l 1'fi'Vl::;'Vl11'U~i'Ui.'I1:1J11t:lieJ'UL Vl~eJ:IJ (Overlap) 

nu s LL'fl:: p eJViDvl'fl"lleJ-:1 carbon atom 'llmi.'l11 VOCs 1~mJl.:Joffl'lL"il'U~-:!LLI'i1::~U'V'I"'.:J.:J1'U -17.50 (i.:) -

5.00 eV ~1::~u'W"'.:J.:J1'U~1ni11::;~uL'Wviii (Fermi level) 

B::~B:IJ'lJB'ILL Y~'f1Vi'l!:wiim1:Wi.'I1:1J111:11 'Un111Yl!Yl.a'ua11 VOCs M~~i.'IIY\L ~'El'l"il1nu Y~'fiVi'l!:wLU'U L'fi'Vl::'Vl11'U~-i!'U 
" ' 

~iifl11:1Jl'El.:J ba.:J LL~::ii-:ij1'U1'U unpaired electron ~Bv1 'U1.:J 1fl"il11BU'UBm.nnnill~Vl::'Vl11'U~-i!'U'lJUI'l~'U 
" " 

~-:~vh 1 ~n111Yl!Yl.a'Ui.'l11 VOCs U'Un11~'ULL uu"livd1.:JL~ t11~ L~'El~1Vn~:IJB::~a:IJLL'V'I~VlU:IJLfll'l~'U 1~~~1.'11'1 " ' , 
'UBnlil1n~'ULL~1V.:JY4Ul1L'fi'Vl::LL 'W'f!VJU:IJLL~::LL 'Wrt L'fl L~V:Wiifl11:1Ji.'I1:1J11~ 1 'U fl111Yl1Yl.a'Ui.'l11 VOCs :IJ1 nni1 L~'U 

" 
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1.2 Thiophene 

0.9 
0.6 

- Pt cluster A (5d orbitals) 
--Tatom (2s orbitals) 
--T atom (2p orbitals) - 0.3 

> 0.0 
~ - 1.2 c 
0 0.9 :r... ...... 
(j 0.6 ~ -~ 0.3 '-' 

~ 0.0 ...... 
~ 1.2 ...... 

00 0.9 ~ 
0 0.6 
0 ..... 0.3 
VJ c 0.0 ~ 

Q 1.2 -~ 0.9 .... 
t! 0.6 ~ 
~ 0.3 

0.0 
1.2 
0.9 
0.6 
0.3 
0.0 

-25 -20 -15 -10 -5 0 5 

Energ)' (eV) 

~'1..1~ 4.11 fl'.l1:U'WU1bb'l.h.!Bb~hwl'~el'U (Density of states, DOS) 1'Ubb~~~';i~~U'W~·NTU'lltl.:J 

~'U~1';i VOCs 'U'U~'U~'Jn';i1YJ'ULL'U'U"!itl.:J11-:JL~tl'd~L~tl~'JVfi~:Utl~(;ltl:I.JbL'Y'Iaii'IJ:u'1liJ~ A 
' 

~1nm';ifin'I'J1'Y'I'Ul1 Pyridine b\1u~1';i VOCs ~t;ln~~iu 1~~'U'U~'U~'dm1YJ'UbbUU"!ia.:J11-:Jb~cn~L~tl 
" " 

~'J vn~:utJ~(;ltJ:U 1avt~'Vl';i1'U:airu'VI n'1li'i ~ 1~ v Lu'Y'I1~uu n~ :u a~ (;1 a:u"Um LL 'Y'IaY1'11:u~li'Y'I~.:J.:J1'U m1 ~ ~iu~.:J n.:J -
" , , '\.1 'll 

2.11 eV L~tl.:J~1n pyridine liBLafi(;l1e:J'U~1~~b~tJJ (lone pair electron) ~a~"l-u sp
2 

orbital ~'Y'I~tl:U~~ 

Ln~-nu5~bflm~11~L11n11 thiophene LLa~ furan Lba~~1Lvt~~ pyridine ~n~~i'U1~~n11 pyrrole ~.:J~ 
lie:J~(;ltl:U'lltl.:J 1 u L(;l1L~'U 1 'Ud.:JL vtliawl'u L'Y'111~e:J~(;ltJ:U 1 u L(;lWiJ'U 1 'U'J.:J pyrrole liBLafi(;l';itJ'Ufi1Um:un!Jtltln 

b(;l'VJ (Octet rule) bb~tl~(;ltJ:U1ulmL~'U1'Ud.:J pyridine liBbafilW~tl'ULVlumr1 6 BLanma'U;.:JhkuuhJm:un!] 

tltlfib(;l'VJ ~.:JJ'U~.:Jvh1~ pyridine 1a.:JbLLa~~1:U11t;l~~i'U1~~n11 pyrrole liuLeJ.:Jbb?i~.:J~.:J~tl~ 4.12 
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~\, 
1 NH 
~-· 

~tJvl 4.12 Lfl'j.:J?f~1-:J"!JB\I pyridine (i1V) Lbfl~ pyrrole ("!111) 

~ "\' c:l 2 .0::.. .,J 
~tlb~'jb~t!B~~BlJ"!JB.:J pyridine lJ hybridization LbUU sp bfl~:U1fln11'Vl N .th~h~n~'jtJtJ1tJ 2s 

orbitals bbfl~ 2p orbitals lJ1~?1lJfltlbfl~bUtl sp
2 

orbitals bbfi~V\Iii p orbital 
' ' 

Yi-J1-:JmJ ~.:J~1-:J~1n 
" 

1u1~'jL~t!B~~BlJ"!JB.:J pyrrole vlii hybridization LLUU sp
3 bfl~:U1fln1'j.yj N .'U1Bb~fl~'jB'IJ1tJ 2s orbitals 

bbfl~ 2p orbitals lJ1~?1lJntJLn~LUtl sp
3 

orbitals 191\l~tJ 4.13 

sp2 hybridization of nitrogen 

rn p orbital 

[llJ 2s promotion of eleC'trons 
[ll][IJ[I] 

[llJ Is 
sp 2 hybrid orbitals 

sp3 hybridization of nitrogen 

rn rn rn 2p 

[llJ 2s - · .. ·-- · 

[llJ ls 

ITIJ rn rn rn 
promotion of eleC'trons l_ 

-----.,------J 

sp3 bybr·id orbitals 
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1W~t.JG'I11J1'Hl~h.rfi't.u::.Jrt11'1v 1 ifi111JV!'U1 ~~'Li'Ua~~fWl'Hl'U 1 'UL~~ci~':i~~'UVl;;r-:J-:~1'U (Partial density of states, 

PDOS) '!Jv-!ln1':i ~WJ~'Um':i pyridine 'U'U~'U~hm1Vl'U ~~ uu"lieWJ1-:J L~trJ~ ~ ~v~'JVv~ l'lv1J 1rtV!~'Vl':i1'U~i'U~-:J 
~LG'IWI-:J1'U~U~ 4.14 ~-!I~~LLG'IWI-:J1~L~'U',h d vv1iJVfrt'!JB-:J1rtVI~'Vl':i1'U~i'U~-!I 4 'IIUWIG'I11J1':ifliv'ULV!~€l1J .. 
(Overlap) nu s LLrt~ p vv1i'lVi'rt'!Jv-:JG'I1':i pyridine 1~vci1-:~iW~L:V'U~-!ILL~':i~~uVl;;r-:~-:~1'U -20.00 fi-:~ -2.50 eV 

~':i~~'UVl~-!I-!11'U~1n11':i~~'UL l"'v1ij (Fermi level) 

1.5 
--Ag cluster B (5d orbitals) 
--N atom (2s orbitals) 

1.0 
--N atom (2p orbitals).:. 

0.5 
,-.... 

0.0 > 
~ - 1.5 = 0 
ilo. 
~ 

1.0 u 
~ -~ 

"-" 0.5 
~ ...... 
~ 
~ 0.0 rJ1 
~ 

1.5 0 

.0 .... 
1.0 riJ 

= ~ 

Q 0.5 -~ .... 
t: 0.0 
~ 
~ 1.5 

1.0 

0.5 

0.0 
-25 -20 -15 -10 -5 0 5 

Energy (eV) 

~u~ 4.14 fi111JV!'U1L~ti'UaL~nl'l':iB'U (Density of states, DOS) 1'ULL~ci~':i~~uVl;;r-:~-:~1'U 
~Wl~'U pyridine 'U'U~'U~1m1Yl'UL~'U'U-dv-:~11-:~~~V1~~~B~1t.Jnci1Jv:::l'lv1J1rtV!~'Vl':i1'U~i'U , 



i 

48 

d 
U'VI'VI 5 

'<il1nm~Pin'l'i1fl1~VJV1i'U?I1~~hJ'VI~~~~b'VICJ~1CJ~\I 5 "1!UV111'1LLrl benzene pyrrole pyridine furan 
" bb~~ thiophene 'U'Uif'U~-m~1Yl'Ubb uu"!lm-h:~b~m~ b ~al'l·;w 1~'VI~'m1'U~-1J'U 11'lvh m~Pin'l'J1'V'i"'\I\11'U 1 'U 

n1~VV1 bVItiCJ'l 'V'i"'-:J\11'U 1 'Un1~V1V1iU bba~ l"ld11JVI'U1bb 'il'U~lb~ nmB'U 1 'Ubbt?i~~~~~U'V'i"'-:J\11'U ~-:Jbbll\lfl1~fin'l'J1 
" ~-:JVI1JV1BBnbU'U 2 a'l'U~'ltln'U fiB m~fin'l'i1i{'U~'ln11W'Ubb uu-dm11'lb~CJ1~b~B~'l£JB~\JlB1J 1aVI~'V1~1'U~otl'U 

bb~~m~Pin'l'i1if'U~'l m1Yl'Ubb 'U'U-civ-:J11-:Jb~CJ'l~ b ~B~'l vncil.JB~\JlBl.J 1~'VI~'Vl~1'U~otl'U ( 4 B~\JlB1J)1V1VB1~CJm~ 
' 

R1'U'lt1.1'Vl1\lbfli1mB'U~1J bVJ£.1 H'-:i~bU£J'U15 Density functional theory (OFT) 1'11£JYl-:Jnotl''Ufl1~'th~1J1rul"11 

bb'U'UvY11'1J (GGA) "lfUVJ PW91 fiTtnru1V1v1it'IJ~bbn11J Dmol
3 1'U"ll~hhLbn11J Materials Studio 5.5 • 

?t11J1~tla~ur.J~m~Pin'l'J11 'ULL~a~a'l'U 1~~\I~B 1ud • 

g J "" ~~ • • d d <0 II 1 """' 5.1 fl1'anf1'l11'Vi'UI:.J1mTn'UU'\.JU"HeH11.:JL~UJ"l'Vlb~e:IV11Ve:l~\Jlel1J f;'lVI::'Vl';i1'U6lf"H'U 

'<il1f1fl1~fin'l'i1i{'U~'lm1Yl'Ubb 'U'I..J-civ\111-:J b~tl'l~L ~BI'l'l £JB ~ \JlBl.J 1~'VI~Yl':i1'U~otl'U'V'i'I.J11Yi"'-:J-:J1'U 1 'Ufl1':iVV1 

L 'VItiCJ11~VI11'l1~'VI~'Vl~1'U~otl'U n'U~'U~'l m1W'Ubb uu"llv\111\1 b~ £J1v1\I'VI1J~lJA11J1 nn11 1 eV ~\!Btl 1 'U-ci'l-:Jfl1~ 
" 

~V1i'U'Vl1-:JbfllJ bL?IVJ\11 ~b ~'U11n~1JB~\JlB1J 1~'VI~'Vl~1'U~otl'UVJn 1 "1!UV1?111l1~tlVV1~'\.J 11'1~'\..J'U~'U~'l n11W'Ubb 'LI'\.J 

"liv-:J11\Ib~ CJ1 a \I~~ 1 maVI~'Vl':i1'U~otl'Ub Vlci1di1~nCJm'V'i~'<iJ:: Hib U'U 1aVI::~1VI~'U b ~Bf;'l\I'U'U~'U~'ln11W'Ubb '\.J'\.J 

-dv\111-:Jb~CJ'l b -ria 1-ifLU'U ~1V1V1i'LI?I1~ VOCs 
" 

'<il1 ntT'U Lrimh~1VJV1i'U~ b\Jl~tJl.J 11'11l1~V1i'Ua1~a'U'Vl~ ~1 ~LVI v~1 v~\1~1"1!u V1 'V'i'U11a1~B'U'Vl~ ~~:: b VIV 
" " 

fl11V1~i'LIBVL'U"Ii1\l-0.94 eV (i\1 -2.23 eV ~\llJAWu11n~ -1.00 eV LL?IVJ'l1~L~'U11~'U~'.lm1W'Ubb'\.J'\.J 
" " 

"llv'l11\lb~VJ~b~B~'l£JB::IJlB1J'VlB-:JR1iJ'IJ1~~'Vl5m'V'i1 'Ufl1~ V1~i'LI?t11B'UY1~ ~h:: b 'VItJ~18~\I 5 "1!'\iVJ ~B1J1briB 
" 

Pin'l'J1fl'l11JVI'U1 u 'll'UaL~ nmv'U 1 'ULLI?ici:: ~:: ~'\..J'V'i"'-:J\11'\J "l!B\1 m~ VJ~olfua 11 a'UYl~ ~~:: L 'VI£.1~1 £.1'\..J'U~'U~'.l m1Yl'U 
" 

bb'U'U-civ'l11-:Jb~CJ'J~b~B~'JCJB::IJlB1J1aVI::Vl~1'U~aU'U ~\lbbaV1'l1~b~'U11 d BB11JVfa'lJv\11~VI~'Vl11'U~aU'Uv1-:J 4 

1~'VI::'Vl11'U~eii''U?I11J1~tl-HB'UL 'VI~Bl.Jfl'\.J s bba:: p Be:J11JVfa'lJB\1?11~B'U'Vl~~~~b VI£J~1tJ 11'1BV1\IoUV1bv'U~\Ibb~ 

~~~'\..J'V'i"'-:J\11'\J -20.00 (i\1 -2.50 eV ~':i::~'\.J'V'i"'\I-:J1'U~1n11~::~'Ub'I'JB1iJ Lb(;'l~Lriv~'<il1~ru1A1Bb~n 1'Vl~b'Um~1 

~ (Electronegativity, EN) "il::L~'Ui1'VlB\IR1lJA1 EN ~?l'lf111B::IJlB1J'lJB\Ib~'U bL'V'imm~CJl.J bbf;'l~bb'V'i(;'llhJl.J~\1 
" 

vl11 ~B~\JlB1J'lJB\IYlB\Irl1iJI"l'l11J?I11J1~tl1 'Un1~~'\.JBb~nmB'U'<il1 n 1lJ b(;'l f1(;'l'lJB\I?I 11B'U'Vl~~~~ b VIC!~ 1CJ 11'l~~?IV1vl1 
• • 

1 ~if'U~'ln11W'U Lb 'I..J'I..J"llv\111'1 b~CJ'l~ b ~B~'l CJB~\JlBl.J'VlB\1 fi1Ua 1m~tl ~ ~i'Ua11 B'U'Vl~ rh~ b VI v~ 1 v 11'1~~"'~ 
" . 

'<il1 n n11Pi f1'l'i1A1'V'i"'\I\11'U n 1~ v~ b Vl;:jtJ'l~~'VI11-:J n cil.JB~ IJ) Bl.J 1~'VI~'Vl ~1'U~otl 'Ubba~if'U~'J n 11W'U bb 'U'\.J • 
"llv\111'1 L~ tJ'l'V'i'L111 'V'i"'\1'~1'U 1 'Um~vVJ L Vltiv1~~'VI11'l1(;'l'VI::Yl11'U~i'Unuif'U~'Jm1Yl'ULL 'U'U-civ.:J11-:J L~mi1fi1 
1J1nni1 1.00 eV bb?IVJ\11 ~b ~'Ui1n~lJB::\JlB1J 1~VI::'Vl11'U"BoU'U~\1~"1!U~?I1:JJ11tl V~~'U 1~~'\.J'Ui{'U~'.lm1Yl'Ubb 'U'\.J 
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"llv-:r;h..:~ b~tl'J ~..:Jt:.m1 m~Vl~'V111'U~oU'Ub V!ci1diJ~nv.nwrvl"il~ 1 iL Uti 1~Vl~G'11Vl1''U b ~el~..:J'U'U~'U~'Jm1Vl'Ubb 'U'U 

-dv..:~i1..:JL~V'JL~v 1~?111 VOCs l.l1Ln1~'Utl 1~vt~'V111tl~oU'U~..:J~'lliil'ld 11'1Vn1TU11m..:~?l~1..:J~LG'IOV1~?11'1 hJI'II'I , " 
; ~UG'l11 VOCs (bb'V'lm~b~Vl.l'lliil'l A, bb'V'l~Viii'l.l'lliil'l B, 'Vlv..:JR1'l!iil'l B, LL~:;L~'LI'lliil'l B) "il1m!uL1im11lJ11'li'I~'U 

" 

.. 

?111~hJ'Vl~~h:;L VIV~1V~..:J~1'l!UI'I 'V'l'Ui1?111Bti'Vl~ Eh:; b V!V~1V~..:J 5 'l!iii'IG'l1l.l11tli'II'I~'U'Utlflcil.lv~(;JeJlJ " , 
LL 'V'l~Vii!l.l~L~v'Utlm1Vlt1LL uu"llv..:~i1..:~L~~n 1~~~?11'1LL~d1ri1'V'l"'..:J..:~1'U 1 'Un111'11'l~uvv1 u"ll1..:~ -0.69 eV fl..:J 

, " " 
-2.11 eV ~..:~iJA1L"l111n~ -1.00 eV bb?li'I..:J1~L~'Ul1-«ti~'Jm1Vl'ULL'U'U-dv..:~i1..:~b~V1~L~eJ~1tJeJ~(;leJlJ'VleJ..:JR1iJ 

th~~'V15m'V'l 1 um1~'~~'~iu?~11Bt1'Vl~v1~LVltJ~1tJ~..:~ 5 'llii~'~ L ~v..:J"il1nri1'V'l"'..:~..:~1um11'1~'~~uvtJ1 u"li1..:~m11'11'1~u 
~ ~ ~ ~ 

~e:~m Lde:~Pi m~1f'l11l.Jvt'U1 bb tl'U B La fl(;J)e:J'U 1 'Ubb~ci ~ 1 ~ vl'uYi"'..:~..:~1u"lJe:~..:~ m1 ~'~~'~~'UG'f1) B'U'Vl~v1 ~ b VltJ~1 v 
" 

ut1~'U~1m1Vlt1LL uu"lie:~..:~·;h..:~L~m~L ~eJ~'JtJeJ~(;le:JlJ 1~Vl~'V111'U~otl'U ~..:JLb?li'I..:J 1 ~L ~'Ul1 d e:~v1uVi'~'lleN 1~Vl:; 
'V111'U~-a'u~..:~ 4 1~Vl:;'V1)1'U~iu?~1lJ11tl"lit~ubVl~e:~wi'u s Lb~:; p e:~e:~1uVi'~'lle:~..:~?~11B'U'Vl~v1~LvttJ~1t~ 1~mh..:~ 

oUI'IL"il'U~..:JLL~1~vl'U'W~..:J..:J1'U -20.00 fl..:! -2.50 eV ~1~vl'U'Y'l~..:J..:J1'U~1nl11:;vJ'IJb'rleJ1iJ bb~~L1ie:JW"il11fil1 
fl11l.l?f1l.l11t11 tlfi111'11'liu?~11 VOCs 'lle:l'lncil.lt~:; (;le:JlJ hlVI:; 'V111'U~otl'U"il~'Y'l'Ul1 ncil.leJ~(;le:JlJ'lleJ.:Jbb 'V'l~Vli!l.liJ " , , 
fl11l.l?l1l.l11t11 tlfi111'11'1i'UG'l11 VOCs 1~~~?11'1Ltim"il1mb Yi~ViulJL U'U 1~Vl~'V111'U~iu~iJfl11l.lleJ.:J b?~..:J LL~:; " , " 
iJ:S1'U'J'U unpaired electron ~e:JtJ1 ti'J..:J 1fl"il11eJ'U'UvfllJ1flfli11~Vl~'V111'U~oU'LI'lliii'I~'U;ij.:J'Vi11 ~fi111'11'li'UG'l11 

" " 
VOCs 'Utlm1Vltlbb'U'U"!ieJ.:Jl1-:Jb~tJ1~ L ~eJ~'JtJflcilJeJ:;(;Je:JlJ LL vmVii!lJ Lni'!~'U 1v1~~G11'1 'Ue:Jfl"il1fl~'ULL~1V.:JW'Ul1 , , 
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be>naT~eh:JD.:J"lleH Lflca.:JnT;i1-.5'v 
1 http:/ /dpm. nida.ac. th/main/index. php/articles/ chemica l-hazards/item/92-

%EO%B8%AA%EO%B8%B2%EO%B8%A3%EO%B8%9B%EOo/oB8o/oA3o/oEO%B8o/oBO 

%EO%B8o/o81 o/oEO%B8o/oADo/oEO%B8o/o9A%EO%B8o/oAD%EOo/oB8%B4o/oEO%B8o/o99 

%EOo/oB8o/oB2%EO%B8o/oA2-volatile-organic-compounds%EOo/oB8%84%EOo/o 

B8o/oB7o/oEOo/oB8%AD-??? (~'UR'ULijv 3/LlJ.~./2559) 

2. http:/ /webdb.dmsc.moph. go.th/ifc _toxic/a_ tx _ 2 _ 00 1c.asp ?info _id= 120 

(~'UR'ULilv 3/LlJ.~./2559) 

3. http://www.toagroup.com/toacolorworld/environment/v/7 

(~'UR'ULilv 3/LlJ.~./2559) 

4. http://www.thaisafetywork.com/vocs%EO%B8%AB%EO%B8%A3%EO%B8% 

B7%EOo/oB8%ADo/oEO%B8%AA%EOo/oB8%B2%EO%B8%A3o/oE0%88%AD%EOo/oB8 

o/o84o/oEO%B8%99%EOo/oB8%97%EO%B8%A3%E0%88%B5o/oEO%B8o/oA2%EO%B9 

5. 

6. 

o/o8Co/oEOo/oB8%A3o/oEOo/oB8%BO%EOo/oB9%80%EO%B8%ABo/oEOo/oB8o/oA2%EO%B8 

%87 I (~'UR'ULile:J 3/Lll.~./2559) 

http://aqnis.pcd.go.thNOCold/index.html (~'UR'UL~B 3/LlJ.~./2559) 

https://th.wikipedia.org/wiki/%EOo/oB8%96%EO%B9%88%EO%B8%B2 

o/oEOo/oB8o/o99%EO%B8o/o81 %EO%B8o/oB 1 %EO%B8%A1 %EO%B8o/oA1 %EO%B8%B 1 
at t.f d 

o/oEOo/oB8%99o/oEOo/o88%95%E0%89%8C (i.'1'Ufl'ULlJel 3/LlJ.~./2559) 

7. https://www.mtec.or.th/academic-services/mtec-knowledge/552-2016-02-09-
4 !I c; 

03-10-28 (i.'1'Ufl'ULlJB 3/LlJ.~./2559) 

8. https:/ /th.wikipedia.org/wiki/%EO%B9%81 %E0%88%81 %EO%B8%A3o/o 
~ t.f ~ 

EOo/o88o/o9F%E0%88o/oB5o/oEO%B8%99 (i.'1'Ufl'ULlJB 3/LlJ.~./2559) 

9. http://www.nstda.or.th/prs/index.php/graphene ?showall= 1 

(~'UR'ULilv 3/LlJ.~./2559) 

10. http://www.graphenea.com/pages/graphene#.V1G _l1V97Dc 

(~'UR'UL~B 3/LlJ.~./2559) 

11 https:/ /pradthana.wordpress.com/tag/%EO%B8%81 %EOo/oB8o/oB2%EOB8%A3% 

EOo/oB8o/o94%EO%B8o/oB9%EO%B8%94%EO%B8o/o8B%E0%88%B 1 %E0%88%9N 

(~'UR'UL~B 3/ LlJ.~./ 2559) 
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1. Introduction 

ABSTRACT 

Recently, elevated global emission of volatile organic compounds (VOCs) was associated to the accelera
tion and increasing severity of climate change worldwide. In this work. we investigated the performance 
ofVOCs removal via modified carbon-based adsorbent using density functional theory. Here, four tran
sition metals (TMs) including Pd, Pt, Ag, and Au were deposited onto single-vacancy defective graphene 
(SDG) surface to increase the adsorption efficiency. Five prototypical VOCs including benzene. furan, pyr
role, pyridine, and thiophene were used to study the adsorption capability of metal-deposited graphene 
adsorbent. Calculation results revealed that Pd. Pt. Au. and Ag atoms and nanoclusters bind strongly onto 
the SDG surface. In this study, benzene, furan and pyrrole bind in then-interaction mode using de lo
calized n-electron in aromatic ring, while pyridine and thiophene favor X- interaction mode, donating 
lone pair electron from heteroatom. In terms of adsorption. pyridine VOC adsorption strengths to the 
TM-cluster doped SDG surfaces are Pt4 ( -2.11 eV) > Pd4 ( -2.05 eV) > Ag4 (- 1 .53 eV) > Au4 ( -1.87 eV). Our 
findings indicate that TM-doped SDG is a suitable adsorbent material for VOC removaL In addition, partial 
density of states analysis suggests that benzene, fur an, and pyrrole interactions with TM cluster are based 
on p-orbitals of carbon atoms. while pyridine and thiophene interactions are facilitated by hybridized 
sp2-orbitals of heteroatoms. This work provides a key insight into the fundamentals of VOCs adsorption 
on carbon-based adsorbent. 

© 2016 Elsevier B.V. All rights reserved. 

Volatile organic compounds (VOCs) are organic compounds that 
evaporate easily at room temperature [ l 1- These are common air 
pollutants emitted by the chemical industries [2-4] from solvents 
and by burning of coal and natural gas fossil fuels [5]. Most VOCs 
are toxic to human health, and may cause carcinogenic. muta
genic, or teratogenic changes in human [1,4,6-8]. These hazards 
are common because of widespread VOC emissions in workplace 
environments. Furthermore. VOCs are responsible for increasing 
photochemical smog in the urban area when combined with nitro-

gen oxides. This is one of the major factors causing rapid global 
warming [ 8-llj. Therefore. removal of VOCs is highly desirable. 

• Corresponding authors. 

.J E-mail addresses: manasch.1i<!Pnanorec.0r rh (M. Kunaseth). 5iriporn.j~!)ubu .• 1c.th 
(S.jungsuttiwong). 

There are many techniques available for VOC removal. includ
ing combustion, bio-filtration, catalytic oxidation, and adsorption 
[8,11-14]. Adsorption is well suited for VOC removal because 
it requires only a simple and low-cost process. There are many 
reports of toxic gas removal using zeolites [15 ]. activated car
bon [3.4.8,16!. graphene [ 17-241. hexagonal boron nitride (h-BN) 
[25-30], metal organic frameworks (MOF) [3.13], metal-doped 
metal oxides, and metal adsorbents [ 5, 3 l. 32 l- Carbon-based mate
rials such as activated carbons and carbon nanotubes (CNT) have 
been widely applied as adsorbents because they are highly porous, 
lightweight, chemically stable, and inexpensive [ 18,33-36]. How
ever, carbon-based materials have limited adsorption efficiencies 
without modification . 

htrp:t.-'dx.doJ.org:HJ 101b j.apsusc.2016.1 L23H 
• 0169-4332/© 2016 Elsevier B.V. All rights reserved. 
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__ ._ 
Fig. 1. shows the optimized structure of the SOG surface, comprising of 49 carbon 
atoms. 

Transition metal (TM) doped carbon-based materials such as 
activated carbon and CNTs are noted for their highly efficient 
adsorption capability [13, 18.37 -46]. Defects such as monovacancy 
and divacancy in graphene were reported to increase the binding 
strength of doped TM on carbon-based adsorbents [1 6.47 -50]. In 
terms of VOCs adsorption, previous studies reported the decent 
adsorption of cyclic VOCs on TM surfaces such as Pd. Pt. and Au 
[32,51-54]. Although TM surface demonstrates high adsorptive 
property toward VOCs removal, they are expensive and cost
inefficient to be used as adsorbent in the large scale. Metal-carbon 
composites offer a good synergy for adsorptive performance: high 
adsorption capability from TM and large surface areas of the car
bon enhance the dispersion of deposited metal clusters. In addition. 
carbon composite materials are relatively inexpensive compared to 
the pure TM-based adsorbent. However. the adsorption strength of 
a particular VOC was varied on different TM surfaces. To the best 
of our knowledge, there are no reports that compare adsorption 
efficiency of organocyclic VOCs on TM decorated single-vacancy 
graphene . 

The aim of this work is to investigate the adsorption of 
organocyclic compounds: benzene. pyrrole, pyridine. furan. and 
thiophene, which are common prototypical VOCs, on TM doped 
single-vacancy defective graphene (SDG). We compare the ability 
of each adsorbent material to adsorb these VOCs based on density 
functional theory ( DFf) calculations. We studied the binding energy 
ofTMn ( n = 1. 4) clusters deposited on an SDG surface to determine 
the binding strength of the TMn cluster to the graphene defect Fur
thermore, we investigated the partial density of states (PDOS) to 
understand the VOC adsorption characteristics. This work is pex
pected to provide insight into the fundamentals ofVOCs adsorption 
on TM-doped carbon-based adsorbent 

2. Computational methods 

Geometry optimizations were performed using density func
tional theory (DFf) via the Dmol3 program in Material Studio 
5.5 [55.56]. The electron exchange-correlation function within 

the generalized gradient approximation of Perdew-Wang func
tional (PW91) [57,58] with Ortmann, Bechstedt, and Schmidt [45] 
(OBS) dispersion correction was used. A double-numerical basis set 
was employed with the polarization function (DNP) using real
space cutoff radius of 4.1 A, and wavefuctions smearing energy 
of 0.005 Ha. The 7 x 7 x 1 k-points grid based on Monkhorst-Pack 
mesh generation was used to simplifY the Brillouin zone. The 
energy results throughout this work are converged within the 
aforementioned k-point grids and real-space cutoff radius. The core 
electrons were treated using the effective core potential [59-b lj 
which have been widely used to represent the graphene doped 
metal system [47/:i2,G3]. The contribution of zero-points energy 
(ZPE) was expected to be negligible f 45] therefore it was not con
sidered in this study. 

Pristine graphene surface was created from 5 x 5 optimized 
graphite unit cells, resulting in a hexagonal super cell with lattice 
constant of a= 12.3A and b = 12.3A (50 carbon atoms). To avoid 
interaction of the periodic images. vacuum space was added in 
the z direction such that the lattice constant c=30.0A. The con
vergence criteria applied for geometry optimization is enforced to 
2.00 x w-5 Ha for energy, 0.004 Ha/A for force, and 0.005 A for max
imum displacement Single vacancy defective graphene (SDG) was 
prepared by removing one carbon atom from the pristine graphene. 

Fig. I shows the top view of the optimized SDG surface structure 
with gray spheres represent carbon atoms. The binding energy (Eb) 
of a TM atom or a TMn cluster deposition on the SDG surface is given 
by: 

Eb = ~TMn/SDG)- E(SDG)- E(TMnl• 

where n represents the number of atoms in a cluster, and ErM/SDG· 
Esoc. and ErM represent the energy of the TM-doped SDG surface, 
the energy of optimized SDG. and the energy ofTM atoms or of the 
TM cluster in the gas phase, respectively. 

The adsorption energy (Eads) is 

Eads = E(VOC·TMn/SDG)- E(TMn/SDG)- E(VOC)• 

where EvoC-TM/SDG and Evoc represent the energy ofVOC adsorbed 
on TM-doped SDG, and isolated VOC molecule, respectively. Note 
that the more negative adsorption energy refers to the stronger 
adsorption strength. In this study, we investigated the adsorptions 
of benzene, furan, pyrrole, pyridine and thiophene VOCs on the 
TM-doped SDG surface (Fig. 2{a-e)) as prototypical examples of 
aromatic, organo-oxygen, organo-nitrogen and organo-sulfur com
pounds. 

3. Results and discussion 

3.1. Transition metal deposition onto SDG 

3.1.1. TM atom deposition onto SDG 
To find the most suitable adsorbent for VOCs adsorption. we 

investigated the binding of TM atoms on SDG by deposition of a 
single atom of each of the TM species (Pd. Pt, Au, and Ag) at the 
vacancy site of the SDG surface. Our result suggests that the TM 

d) 

Fig. 2. Structure ofVOCs used in this study: (a) benzene (b) furan (c) pyrrole (d) pyridine (e) thiophene. 
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a) b) 

fig. 3. Top and side views of the geometry of a TM tetramercluster on SDG for (a) type A cluster(tetrahedral) and (b) type B cluster (square planar). 

b) 

.. JL. .. 

c) 

J. 

:t = 

d) 

Fig.4. Optimized stable geometries and binding energies for tetramerTM clusters on SDG (a) Pd.-A. (b) Pt.-A. (c) Ag.-B and (d) Au.-B cluster. 

Tablel 
Binding energy ofTM atom and cluster on SDG. 

TM type Pd Pt 

Eb (eV) Bond length Et,(eV) 
Pd-C(A) 

atom -5.55 1.951 -6.89 
cluster A: Tetrahedral -5.82 ( -1.46) 1.964 -7.83 ( -1.96) 
{perTM atom) 
cluster B: Square -4.89(-1.22) 1.951 -5.30 ( -1.33) 
planar (per TM atom) 

atoms form bonds with three adjacent carbon atoms at the vacancy 
site. Each TM atom has an atomic radius that is greater than that 
of carbon, and thus, the TM atom is displaced outward from the 
graphene surface (see Fig. 51). The average interatomic distances 
between TM atoms and the three neighboring carbon atoms are 
1.95 (Pd), 1.96 (Pt), 2.09 (Au), and 2.27 (Ag) A respectively, which 
is in agreement with the previous studies. The calculated binding 
energies for the TM atoms on SDG are -5.45, -6.85, -2.33, and 
-1.98eV for Pd. Pt. Au, and Ag atoms, respectively (see Table 1). 
These large negative values suggest that TM atom binds strongly 
at the vacancy site of SDG and the values are consistent with pre
viously studies [3,16.18,41-44,47.48,64]. Binding energy per TM 
atom for TM cluster A and B are shown in parenthesis. 

Table 1 Comparison of binding energies for individual TM atoms 
and of tetrahedral and square planar clusters adsorbed to SDG. 

• 3.1.2. TM-cluster deposition on SDG 
In this section, we investigated the binding ofTM cluster type 

A (tetrahedral geometry; see Fig. 3(a)) and TM cluster type B 
.. (square planar geometry; see Fig. 3(b)) of Pd4 , P4, Au4 and Ag4 

on the SDG surface. The results show that tetrahedral (type A) 

Ag Au 

Bond length Eb (eV) Bond length Eb (eV) Bond length 
Pt-C (A) Ag-C(A) Au-C(A) 

1.957 -1.98 2.093 -2.33 2.270 
1.970 -2.55 ( -0.64) 2.093 -3.24(-0.81) 2.061 

1.960 -3.17(-0.79) 2.109 -3.24 ( -0.81) 2.066 

is the most stable binding mode for Pd4 and Pt4 on SDG sur
face (Fig. 4(a)-(b)), while square planar configuration (type B) is 
the most stable binding on SDG for Au4 and A~ (fig. 4(c)-(d)). 
Binding energy of the most stable for each TM clusters is as 
the following order: Au4 -B (-8.73eV)>Pt4-A (-7.83eV)>A~-B 
(-7.04eV)>Pd4-A (-5.82eV). Note that Eb in our calculation are 
in agreement with the previous studies 13.1 6,47]. This large mag
nitude ofEb indicates thatTM tetramer clusters form stable adducts 
with the SDG. Consequently, this prevents TM cluster aggrega
tion such that the clusters are well dispersed on the SDG surface. 
In addition, the TM cluster binds on the SDG stronger than that 
of individual TM atoms. Therefore, we utilized the most stable 
configuration of each TM cluster in the study of VOCs adsorption 
hereinafter, which are Pd4 -A, Pt4 -A, Au4-B, and Ag4-B. 

3.2. VOCs adsorption on TM cluster-doped SDG surface 

In this section, we investigated VOC adsorption on TM
deposited SDG. In order to cover most possible adsorption 
configurations, two VOC orientations are considered for each VOC 
in the adsorption study, which are ( 1) VOC molecule is parallel to 
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a) ~ b) tt 
. 

X ..; :L . -
fig. s. Side view ofVOC initial configurations (a) parallel and (b) perpendicular to the TM tetramer cluster of the TM-doped SDG surface. 

pyridine pyrrole furan thiophene 

2p orbitals 
.-•• --- 2 . ·-···· -. ---.. . J 0:~tnl tEP.; ., . _ _: f 3p orbital 

oe . se • • • • • . 

six 1t electrons six n: electrons six :n: electrons six n: electrons 

Fig. 6. De localized six n-electrons of aromatic heterocyclic compounds. 

Table2 
Adsorption energy of VOCs on TM cluster doped SDG. 

voc Pd.-A Pt4-A Ag.-B Au4-B 

Eads (eV) Bond length (A) Eads (eV) Bond length (A) Eads (eV) Bond length (A Eads (eV) Bond length (A) 

Pd-C Pd-X Pt-C 

Benzene -1.43 2.170 -1.93 2.101 
Furan -1.20 2.083 2.896 -1.28 2.129 
Pyrrole -1.48 2242 3.109 -1.38 2.077 
Thiophene -1.91 2.177 2.316 -2.06 3.566 
Pyridine -2.05 3.031 2.112 -2.11 2.978 

the 5DG surface; and (2) VOC molecule is perpendicular to the 
5DG surface. In the case of parallel adsorption, we placed VOC 
molecule in a position that maximize 'IT-interaction ofVOC and TM, 
see Fig. S(a).ln the case of the perpendicular adsorption, the inter
action between heteroatom and TM was arranged when possible; 
see Fig. S(b). 

We investigated the adsorption of benzene, furan, thiophene, 
pyrrole, and ·thiophene VOCs on to TM-doped 5DG, both TM atom 
(Fig. 52-55) and tetramerTM clusters(TM = Pd4-B, Pt4 -A,Au4-B,and 
A~-B) (Fig. 56-59) as adsorbents. Adsorption energies ofVOC{fM 
atom-doped 5DG surface fall in the range -0.94 to -2.23 eV (Table 
51). VOCs have stronger interactions with TM-cluster doped 5DG 
than they do with single TM atoms on 5DG. Decreasing adsorp
tion strength is in order ofPt4-A > Pd4-A > Au4-B > Ag4-B. The VOCs 
adsorption energies are listed in Table 2. Our calculation results 
reveal two main adsorption modes, 'IT-interaction ('iT-Int) which 
'iT-bond ofVOC ring coordinating with the TM cluster on 5DG, and 
X-interaction (X-Int), VOCs binding to the TM cluster via their het
eroatom [ 17,18 ]. VOCs on both TM atom and TM cluster doped 5DG 
surface performed similar trend of adsorption mode, therefore we 
discuss only the case ofTM cluster doped 5DG surface. 

Considering aromatic five-membered heterocyclic compounds 
(pyrrole, furan, and thiophene) containing delocalized electron 
pairs, in which the heteroatom has at least one pair of non-bonding 
valence shell electrons. In these planar compounds, each het-

Pt-X Ag-C Ag-X Au-C Au-X 

-0.92 2.507 -1.29 2.278 
3.016 -1.02 2.443 3.184 -0.76 3.444 3.666 
3.014 -1.22 2.494 3.296 -1.30 2.198 3.043 
2.222 -0.85 3.277 3.277 -0.69 3.398 2.390 
2.061 -1.53 2.227 2.227 -1.87 3.052 2.144 

eroatom is sp2 hybridized and its un-hybridized 2p orbital (3p for 
5) is part of a closed loop of five 2p (3p for 5) orbital (Fig. 6). 

In case of furan and thiophene, one unshared pair of electrons 
of heteroatom lies in un-hybridized 2p orbital and is a part of the 
1r system, 61r-electrons involving all five atoms of the ring, 4 from 
the two double bonds and 2 from the heteroatom, thus satisfying 
the Hiickel Rule. The sp2 hybrid orbital of hetero atom carrying 
the other unshared pair of electron is perpendicular to the plane 
of p-orbital and does not participate in delocalization. In pyrrole, 
unshared pair electron from N participates in aromaticity, there is 
no lone pair electron in sp2 hybrid orbitaL 

Interestingly, furan and thiophene supposed to bind on the 
surface via X-Int using the lone pair electron in sp2 hybrid 
orbitaL However, moving down the group in periodic table 
increases nucleophilicity, hence, 0 atom donates its lone pair 
electron more difficult than 5 atom. Furthermore, the resonance 
energy is dependent on the heteroatom electronegativity, as elec
tronegativity decreases, the resonance energy increases, furan 
( 16 kcal{mol) <thiophene (29 kcal{mol ). Therefore 0 atom donates 
1r-electron significantly easier than 5 atom, therefore furan pre
fer to adsorb on surface using 'IT-electron rather than lone pair 
electron. In pyridine, six-membered heterocyclic compounds, the 
double bonds are shifted via resonance without involving the lone 
pair electron on N atom, so this lone pair electron is not contributed 
to the 1r system and favor to be donated . 
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c) 
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J. 

Fig. 7. VOCs adsorption on TM-cluster doped SDG (a) benzene, (b) furan (c) pyrrole 
(d) pyridine and (e) thiophene. Gray. blue. red, light blue, yellow, and white spheres 
represent C. N. 0. TM. S, and H atoms, respectively. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the web version of this 
article.) 

In this study, Benzene, furan and pyrrole bind in the 'IT-lot mode. 
See Fig. 7( a-c). By contrast, pyridine and thiophene favor X-lnt liga
tion, binding to the TM cluster adsorbed to the SDG surface via their 
ring heteroatom [ 3 I ,32 ], see Fig. 7( d-e), suggestive of large adsorp
tion energies for pyridine and thiophene on the TM-cluster doped 
SDG surface, in good agreement with other simulation reports [65]. 
The large negative adsorption energy is a consequence of strong 
interactions between the VOC adsorbate and the TM-doped SDG 
adsorbent. The adsorption energy is calculated to be greater than 
-0.76eV. In addition, we found that pyridine adsorbs well on all 
TM-cluster doped SDG adsorbents, especially for Plj -A doped SDG, 
which has the greatest adsorption energy of -2.11 eV (Table 2). 

... 
TM atom-doped SDG is suitable as an adsorbent for VOC removal 

because of its large negative adsorption energy for these species 
with having established strong adsorption of the VOC on the 

"" TM-graphene composite. However. adsorbent regeneration can be 
accomplished via applying external electric fields weaken or alter 
the adsorption of molecule on the surface [ 66-70] which might be a 

-2.0 

> 
~ -1.5 

~ ... ., 
r:: 

[,o;l -1 0 r:: • 

~ 
Q, ... 
0 
~ -0.5 
~ 

0.0 
Pd4 Pt4 Ag4 Au4 

Doped transition metals 

Fig.8. The adsorption energies ofVOCs on all TM-clusterdecorated SDG adsorbents. 

plausible mean for reusability. Our findings suggest that TM atom
doped SDG materials are suitable as adsorbents for VOC adsorption. 

Fig. 8 shows the adsorption energies for each VOC for all TM
cluster doped SDG adsorbents. The adsorption of these VOCs on 
Pd4 -A and Pt4-B-doped SDG occur by a chemisorption process, as 
evidenced by the formation of bonds between ring carbon and TM 
atoms in the TM cluster. Formation of C-TM bonds occurs when 
aromatic compounds are chemically adsorbed to metal surfaces 
or metal clusters. Adsorption ofVOCs on A~-B and Au4-B-doped 
SDG occurs by a physisorption process. These findings are in good 
agreement with previous reports [4 ]. 

3.3. Partial density of states analysis 

In this section, partial density of states (PDOS) for VOC 
adsorption on the TM-SDG was analyzed to investigate the VOC 
interactions with TM clusters. Here, the most stable adsorption 
mode, TM species, and TM cluster type were chosen according to 
the result in section 3.3.2. Note that the Hubbard correction is not 
considered in the PDOS analysis. I ig CJ(a)-(e) show PDOS plots of 
interacting carbon atoms or heteroatom depends on the interac
tion type of VOC versus the TM cluster. For VOCs with the most 
stable adsorption based on '!T-Int (i.e. benzene. furan, and pyrrole), 
PDOS of carbon's s- and p-orbitals are plotted against d orbitals 
ofTM cluster (Fig. 9(a)-(c)). On the other hand, for VOCs with the 
most stable adsorption based on X-Int (i.e. pyridine and thiophene). 
PDOS ofheteroatom's sp-orbitals are plotted against the d orbitals 
ofTM cluster(Fig. 9(d)-(e)). 

The PDOS of 'IT-lnt VOCs indicate that the d-band of TM clus
ter couples with the carbon p-band in benzene. furan. and pyrrole. 
Three overlapping peaks of C's p-orbitals in benzene and d-band 
of Pt are presented at -3.50, -1.03, and 0.02 eV (see Fig. 9(a)). 
Fig. 9(b)-(c) show each two coupling peaks ofTM's d orbitals and 
C's p orbitals in furan ( -2.21 and O.OOeV) and pyrrole ( -1.40 and 
-0.02 eV), respectively. In addition, there is no simultaneous sand 
p peaks overlap with d-band in Fig. 9(a)-(c), confirming that the 
interaction of 'IT-lnt VOCs are based on p orbitals rather than hybrid 
sp2 orbitals. 

In contrast, PDOS of X-lnt VOCs (pyridine and thiophene) 
suggest that d orbitals ofTM cluster bonds to sp2-orbitals of het
eroatom. In Fig. 9(d), PDOS of pyridine adsorption shows three 
overlapping points of N sand p orbitals and d orbitals of Pt cluster 
at -1.00 and 0.01 eV. Likewise, PDOS of thiophene indicates two 
overlapping peaks between s and p orbitals of S and d orbitals of 
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Fig. 9. Partial density of states (PDOS) of the most stable VOC adsorption on TM
doped SDG for (a) benzene (b) furan (c) pyrrole (d) pyridine (e) thiophene. Arrows 
indicate interactions between TM and VOCs. (For interpretation of the references to 
colour in the text. the reader is referred to the web version of this article.) 

Pt cluster at -1.46 and 0.06eV, see Fig. 9(e). In addition, a cou
pling between s orbitals of Sand d orbitals of Pt is also obseJVed at 
-2.71 eV (red arrow). 

4. Conclusion . 

In this study, we performed periodic DFI' calculations to inves
tigate the adsorption of five cyclic compounds VOCs, which are 
benzene, furan, pyrrole, pyridine, and thiophene, on TM-doped 
SDG surfaces. The large binding energy of TM deposited on SDG 
suggests that TM atom and TM nanocluster bind strongly on the 
SDG surface. In terms of VOCs adsorption, Pt cluster deposited on 
SDG is the most suitable as a VOC adsorbent since the adsorption 
since the adsorption. Each VOC adsorbs strongly to the TM-cluster
deposited SDG, particularly to the P4-A doped SDG. Benzene, furan 
and pyrrole bind in the 'IT-lot mode, while pyridine and thiophene 
favorX-Int ligation. Our work contributes to the understanding the 
adsorption ofVOCs on SDG surfaces. Pt4-A-doped SDG is a suitable 
candidate for VOCs removal. In addition, density of states analy
sis suggests that benzene, fur an, and pyrrole interactions with TM 
cluster are based on p-orbitals of carbon atoms, while pyridine and 
thiophene interactions are facilitated by hybridized sp2-orbitals of 
heteroatoms. This work provides a key insight into the fundamen
tals ofVOCs adsorption on carbon-based adsorbent. 
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